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Abstract
Electrospinning Crosslinked Gelatin, Collagen, and Elastin
Nanofibers for Tissue Engineering Applications
Bryan Patrick Sutherland
Dr. Caroline L. Schauer
Over 1.3 million Americans are affected by rheumatoid arthritis, a disorder in which the
immune system enzymatically degrades the bodys extracellular matrices (ECM). Collagen
and elastin are important components in ECMs that interact to provide both structure and
flexibility to cells. Using these naturally-derived polymers as tissue engineering scaffolds is
advantageous due to their inherent biocompatibility. Processing these materials using elec-
trospinning is a suitable method of producing an environment similar to natural ECM and
allowing cells to grow and proliferate. However, using these materials as scaffolds requires
the fibrous mats to be insoluble in order to retain their structure, avoid enzymatic degra-
dation, and allow cells to grow in an aqueous environment. Chemical crosslinkers, such
as divinylsulfone (DVS) epichlorohydrin (ECH), genipin (GEN), and hexamethylene-1,6-
di(aminocarboxysulfonate) (HDACS), were utilized as a means to create a scaffolding ma-
terial that wont dissolve in water. Gelatin, the hydrolyzed form of collagen, was also tested
in the same manner as collagen in order to compare the effectiveness of the crosslinking be-
tween the polymer systems. Fibers of gelatin and collagen were electrospun in a 9:1 acetic
acid:water solution and produced uniform cylindrical fibers with respective diameters of
12729 nm and 11629 nm. With the addition of crosslinking molecules to the system, it
was seen that the fiber diameters increased as much as six times for gelatin, while collagen
fibers only increased by up to one-half time. Solubility measurements showed that GEN
was the most successful crosslinking molecule causing gelatin fibers to retain some fiber
morphology after 72 h at pH 7. Collagen samples crosslinked with GEN remained intact,
but completely filmed after 72 h at pH 7. It is likely due to the inaccessibility of some
reaction sites caused by the fibril structure of the collagen molecule. This work enhances
xiii
the future applications of crosslinked gelatin, collagen, and elastin nanofibers in the field
of rheumatoid arthritis and other tissue engineering applications.
11. INTRODUCTION
1.1. Natural polymers
Large molecules in the form of long chains are typically referred to as polymers. Poly-
mers are a class of materials with a wide variety of properties that depend on their structure
and how they are synthesized or derived. Natural polymers are a highly researched field of
material science due to their inherent biocompatibility and biodegradability. As the name
implies, polymers that are derived from natural sources can be deemed as natural poly-
mers. Some examples of these types of polymers include, but are not limited to: chitin,
collagen, elastin, hyaluronic acid, chondroitin sulfate, and silk. Unlike synthetic polymers,
these types of material structures can be very complicated, thus difficult to replicate in a
lab setting. Synthetic polymers are typically human-made and require various chemical
reactions in order to create a desired structure or molecular weight. Based on their inherent
properties and renewable sources, natural polymers have a variety of uses in environmental,
medical, and textile applications. [1–3]
1.1.1. Advantages and disadvantages
Natural polymers are a unique group of materials that have desired properties over their
synthetic counterparts. Due to being readily available in the environment, their sources tend
to be renewable, which decreases their impact on the environment. [4] Biodegradability is
another useful property of most natural materials, not only because it protects the environ-
ment, but it also allows for a wide variety of biological applications such as drug delivery
and wound repair. [5] Some natural polymers, like chitosan, also exhibit unique properties
such as the ability to act as an antibacterial agent. [6] Another advantage for some nat-
ural polymers is their inherent biocompatibility. Synthetic polymers may require surface
modifications to trick the body into not rejecting it, which can lead to possible changes in
properties, increased cost, and discomfort from inflamation. An inherent ability to allow
2healthy cell growth and proliferation is a significant advantage for these classes of materials
without further modifications being needed. Some materials that can effectively be used as
scaffolds are collagen and elastin, as they are found naturally within the body. [7]
Despite all their great properties, natural polymers experience some drawbacks. De-
spite natural polymers biocompatible nature, they still can invoke an immune response.
When the body attacks the material it may induce increased degradation of the material.
Another issue that is present in biological polymers is the source in which it is derived.
Their structures are often complex and vary from source to source leading to any number
of slight alterations that can cause a significant change in material properties. Along with
their structure, when extracting these materials from their hosts, the process is often ex-
pensive for only a slight yield, which can sometimes be impractical. Finally, unlike their
synthetic counterparts, it is difficult to manipulate their structure inexpensively. Synthetic
polymers are synthesized to a desired shape and size range, while natural polymers have
many variables attached to them with a limited source of effective ways for altering them
to what is desired. [8]
1.1.2. Applications
Thanks to all the important properties that natural polymers possesses, many uses have
been discovered for these materials. Numerous applications are able to take advantage of
these inherent properties due to their immense versatility. Within biological and medical
fields, natural polymers such as chitosan, hyaluronic acid, and collagan can be used to solve
a variety of problems. Chitosan acts as an antibacterial agent opening up the potential of
this material to be used in wound repair. [9] Fei Lu, et al. showed that the addition of
increasing the molecular weight of chitosan resulted in decreased bacterial activity. Figure
1 shows that the activity of E. Coli is actually reduced and then held steady over a period
of 25hrs. [10]
3Figure 1: Chitosan exhibits antibacterial effects that can be altered based on the molecular
weight of the material. When chitosan is introduced into the system, a significant drop off
in E. coli occurs. All chitosan samples are at 60% deactylation, while the molecular weights
are all on the order of 104. The bacteria being cultured is E. coli and was monitored by
measuring their optical density (O.D.). [10]
Another common application for natural polymers is through the use of scaffolds and
grafts. The great properties of natural polymers provide an impressive matrix for the growth
and proliferation of cells. Some examples of materials that are generally used as scaffolds
include alginate, hyaluronic acid, and collagen. [11–13] However, issues with natural poly-
mers as scaffolds arise from how they are processed. Degradation can occur, which can
result in deteriorated properties of the overall system. In addition, the structure of the sys-
tem must be chosen with the premise of enhancing the overall ability of the scaffold to
perform its function. Two researched scaffold designs that have shown great success come
in the forms of hydrogels and nonwoven fiber mats.
41.2. Regenerative medicine
A growing concern regarding the availability of implantable organs has led to a rapid
increase in research in the field of regenerative medicine. [14] As the great population
increase of the mid to late 1900’s begins to age, the need for transplants and surgeries has
grown significantly. As of 2010, over 108,000 americans have been placed on the waiting
list to receive a transplant. These long layovers may eventually lead to death before the
person can successfully undergo transplantation. [14] As the name implies, regenerative
medicine is a field of research which aims at repairing or replacing damaged or dead tissue
and organs. Regenerative medicine has shown great promise for a wide variety of biological
issues, which includes Parkinsons disease, Alzheimers disease, osteoporosis, osteoarthritis,
tissue and muscle damage, spine injuries, and cancer. [15] The use of nonwoven fabrics
made through electrospinning for various applications has been on the incline for the last
decade. Much of this research has been aimed at creating a platform for tissue repair and
replacement. Figure 2 shows the relative increase in the number of publications regarding
electrospinning and nanofibers from 1999 to 2011. [16]
Figure 2: A histrogram depicting the increase in the amount of publications with the key-
words ”electrospinning” and ”nanofibers.” The amount of work done with this process has
increased significantly as more uses and applications are found for the material system. [16]
5Some issues regarding nonwoven fabrics can hinder the overall success when used in re-
generative medicine. First, the choice between natural or synthetic materials can alter how
the body will interact with the system and may require multiple steps of post-processing.
Second, fibers that are formed through electrospinning require specific solvents in order to
produce desired fiber morphologies. These solvents can potentially be harmful to humans
and must be chosen accordingly. Finally, in order to work in the body, fiber mats can not
dissolve in an aqueous environment in a short amount of time if they wish to perform their
designated function. Two methods for preventing the solubilizing of mats include func-
tionalizing the chemical structure or crosslinking. However, choosing the right chemical to
achieve either of these methods can present toxicity concerns.
1.2.1. Rheumatoid arthritis
Rheumatoid arthritis is a chronic disease where the body’s own autoimmune response
attacks the small joints of the hands and feet. [17] It is a debilitating disease that can lead
to inflammation, pain, and a significant decrease in a person’s quality of life. Additionally,
people who experience this disease have a much higher risk for disability and mortality than
those who don’t. Over 1.3 million americans suffer from Rheumatoid arthritis with only
therapeutic methods for relieving pain. Typically drugs are used to slow the degradation,
as well as suppress the pain felt by the patients. However, these methods require sustained
usage and don’t eliminate the cause of the disease. Stoppage of these drugs can result in a
relapse in the symptoms for the person. The need for a method of permanently relieving the
pain caused by Rheumatoid arthritis is driven by the high costs in medical care and indirect
expenses, which account for nearly $128 billion annually. [18]
1.3. Goals and objectives
Overall, the goal for this thesis is to develop a platform for regenerative medicine using
electrospun gelatin, collagen, and elastin nanofibers for use in relieving rheumatoid arthri-
6tis. It is hypothesized that collagen and elastin nanofibers, spun from nontoxic solvents,
can provide a suitable biocompatible scaffold that can mimic natural ECMs based on their
inherent properties. The addition of crosslinkers are used in order to increase the stability
of the mats while in an aqueous environment.
The first aim is determining the best solvent system to electrospin both gelatin and col-
lagen. Addressing this issue is important because it not only can alter the morphology of
the fibers, but can also provide a much easier means to producing the fibers. Choosing the
solvent system best suited for this thesis is based on ease, morphology, and toxicity. Tech-
niques implemented for determining this include fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), conductivity, viscometery, and pH measure-
ments.
For the second aim, crosslinking increases stability of the fibers. Cell culturing is usu-
ally performed in an aqueous environment where dissolving of the mats can be detrimental
to their function. Various crosslinkers in both bulk and electrospun gelatin and collagen
were looked at as a means to increase mat stability. Addressing this issue is based on ease
and solubility. Techniques to determine this included FTIR, SEM, and UV-Vis.
Finally, the third aim is focused on successfully spinning collagen with elastin and the
most successful crosslinker to mimic natural ECMs. SEM, FTIR, and UV-vis are all used
in addressing this aim.
72. BACKGROUND
2.1. Collagen
Collagen is the most common protein found in mammalian connective tissue and makes
up about 25% of the total body protein content in vertebrates. [19] The abundance of colla-
gen in the body is necessary for cell support and mechanical strength for multiple tissues,
including tendons, ligaments, bone, dentin, and ECMs. [19,20] A distinguishing feature of
collagen is its unique hierarchical structure as demonstrated in Figure 3. [21] In collagen,
the formation of fibrils leads to an anisotropic behavior in the direction of the fibers leading
to its strong mechanical properties. [20–22] Packing of the fibrils occurs from side interac-
tions between amino acid chains, also known as tropocollagen. Links between the fibrils
are made from lysine or hydroxylysine residues that bond at the C-terminus of a tropocol-
lagen molecule with the help of the enzyme lysyl oxidase. [23,24] The staggered formation
causes bands to form along the collagen fibers as demonstrated by Figure 3. [23]
Figure 3: Collagen is made up of a quaternary structure. The levels of structure include:
(A) Three amino acid chains in the form of a triple helix, (B) Three triple helix structures
form a right handed α-triple helix forming tropocollagen and fibrils, (C) staggered fibril
formation, and (D) collagen fibers.
Since collagen exists in such an abundance within the body, it has to adapt into different
8forms to perform its function. There are 28 known types of collagen, however, about 90%
of all collagen in the body is made up of the first five types. Type I collagen is the most
common form making up 80-85% of total collagen content in the body. [23,25] These types
and their respective locations in the body are described in Table 1.
Types Location
Type I Ligaments, tendons, skin, artery walls, fibrocartilage,
bones, teeth, and cornea
Type II Articular and hyaline cartilage
Type III skin, intestines and artery walls
Type IV Kidney and eye lens
Type V Interstitial tissue
Table 1: The most common types of collagen and their locations within the human body.
[25]
Since collagen is a protein, it is made up of continuous chains of amino acids. Col-
lagen has a relatively ordered structure in which a single collagen chain will have a very
common Gly-Pro-X amino acid sequence. [19] The proline residue will sometimes be inter-
changed with other amino acids, but most commonly proceeds glycine at every third unit.
The undesignated amino acid (X) is usually hydroxyproline, but is interchanged regularly
with other less common amino acids that may posses functional groups such as amines,
carboxylic acids, and hydroxyl groups. [26]
Unstructured, or denatured, collagen is known as gelatin and is produced through the
process of hydrolysis. [19, 27] This process cleaves intermolecular bonds between the sec-
ondary collagen structure chains when water is introduced into the system. Despite the
destructuring, the amino acid sequence and proportions are left largely intact. Unlike col-
lagen, gelatin is soluble in water when heated past the denaturing temperature. At the
same temperature, collagen shrinks and loses its ability to retain water. Despite the lack of
structure, gelatin has found many uses in a variety of applications and fields such as food,
engineering, and pharmaceuticals. [27]
Collagen has been researched for a variety of applications due to its strong mechani-
9cal properties, biocompatibility, and biodegradability. [28–34] One of the most common
applications for collagen is scaffolds or grafts. [28,29,32–34] The strong mechanical prop-
erties provide a sturdy, suitable environment for cells to grow and proliferate on that can
eventually be placed into the body. Another way of producing a collagen scaffold is by
using fibroblast cells to produce a collagen matrix for a vascular graft, such as the work
done by Auger, et al. [35] It has been shown that collagen in the form of a sponge has the
ability to absorb a large amount of tissue exudate and prevent secondary bacterial infec-
tion. [36] Finally, collagen has been successfully incorporated in many different electro-
spinning applications where they produce fibers of collagen, elastin, and other polymers
for various applications. [30, 37, 38] However, extensive research on electrospinning col-
lagen has been limited due to its difficulty to spin in nonfluorinated solvents and the ne-
cessity of having to add additional polymers to the solution to increase its spinnability.
Another issue is that crosslinking of collagen has not been extensively researched, lead-
ing to only a few known successful methods, such as the cytotoxic glutaraldehyde (GA),
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC) coupling, and the application of
UV light. [30, 37]
2.1.1. Solvents
An issue with the processing of collagen is that when dissolved in a solvent, the unique
structure of collagen breaks down into gelatin. [39,40] When dissolved in fluorinated poly-
mers collagen loses greater than 99% of the triple helical structure turning the material into
gelatin. [38] This denaturing of the collagen hierarchical structure can be contributed to
the enhanced hydrogen bonding that occurs with the addition of fluorinated solvents. The
high electronegativity of the fluorine atoms cause electron withdrawing from the hydroxyl
groups ultimately producing greater interactions between the hydrogen atoms of the fluori-
nated solvent and the oxygen groups of collagen. [40] The pH of a solution has also been
shown to have an effect on the denaturing of collagen. High and low pH values result in
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increased denaturing of the collagen and affect the temperature at which denaturing occurs.
It has been found that neutral pH has a denaturing temperature of about 5◦C higher than
high or low pH value solvents. [41] In order to prevent denaturing of the collagen, low tem-
peratures and neutral pH solvents must be adapted to prevent the loss of crucial mechanical
properties connected to the hierarchical structure.
2.1.2. Crosslinking agents
Crosslinking occurs when there are interactions between polymer chains forming a 3D
network. Reactive points are typically referred to as functional groups, which react to form
bonds between chains. Collagen is an inherently functional molecule. A number of amino
acids have additional groups attached to them, such as amine, carboxylate, and hydroxyl
groups. [42] This functionalization allows crosslinking agents to react with the collagen
molecule in a variety of ways. Table 2 presents the amino acids along the collagen chains
with their respective functional groups. The hydroxyl groups and the carboxylic acids
are the most abundant, while the amine content is about four times lower. Crosslinking
presents an effective way of preventing solubility of a collagen matrix, which is useful for
cell studies, and also increases mechanical strength. [43]
Functional Amino Acid Number Number of
Group /1000 Functional groups
amino acids /1000
amino acids
NH2 Hydroxyproline 11
Lysine 20 31
COOH Aspartic acid 44
Glutamic acid 78 122
OH Hydroxylysine 11
Serine 33
Hydroxyproline 100 144
Table 2: Amount of functional groups along collagen amino acid chains per 1000 amino
acids. [44]
The amount of amines per mole of collagen can be accurately determined through a
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common technique known as trinitrobenzenesulfonic acid adsorption. [43] The process
causes a reaction where the trinitrobenzenesulfonic acid reacts with amine groups. An
absorption around 345nm can be measured using a spectrophotometer to determine the
moles of amine groups per gram of collagen. Studies using this method have shown that
type I collagen has anywhere from 280 to 310nmol of free amines per milligram of colla-
gen. [37,45,46] When compared to gelatin, collagen has a similar, if not the same, amount
of free functional groups. However, due to the hierarchical structure, some functional
groups may have difficulty reacting from lack of space or access points. [47] Figure 4
presents the amount of functional amine groups found in type I collagen and elastin mix-
tures of various ratios. [45]
Figure 4: Amount of available amine groups that can be used for crosslinking purposes in
collagen and elastin mixtures. The amine group content is in the units of nanomoles of
amines per milligram of collagen. [45]
Since collagen has a variety of functional groups, there are many chemicals that can
be effectively used to crosslink the material. A list of possible crosslinkers are shown in
Table 3 with their respective functional group that they react with. Collagen crosslinking
has not been extensively researched and has been limited to a few chemical crosslinkers
in various applications. Some current research with various crosslinkers with collagen and
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other polymers, as well as the expected crosslinking reactions, are shown in Figures 5 and
6.
Chemical Functional References
Crosslinker Group
DVS OH and/or NH2 [48]
ECH OH and/or NH2 [49, 50]
EDC/NHS COOH and NH2 [42, 51–53]
EDC/HOBt COOH and NH2 [54]
GA NH2 [50, 55, 56]
GEN NH2 [50, 51, 57]
HDACS NH2 [50]
Table 3: Common crosslinking agents used to react with natural polymers. Corresponding
functional groups along the collagen chain are shown for each crosslinker.
Figure 5: Collagen crosslinking reactions with HDACS, ECH, and GA. Corresponding
functional groups along the collagen chain are shown for each crosslinker.
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Figure 6: Collagen crosslinking reactions with EDC coupling, DVS, and Genipin (GEN).
Much of the research done regarding the crosslinking of collagen has been limited to
studies involving GA, EDC coupling, and GEN. Although GEN is a natural crosslinker
with good biocompatibility, EDC coupling and GA has inherent toxicity concerns and are
disadvantageous when used with this system [58]. Crosslinkers such as ECH, DVS, and
HDACS have not been used in any sort of research involving collagen.
2.2. Elastin
Elastin is a naturally occurring extracellular protein that possesses crosslinking molecules
between the amino acid chains. The individual chains are a precursor to elastin, known as
tropoelastin, which is water soluble. [59,60] Between the tropoelastin chains are crosslink-
ing molecules desmosine and isodemosine, which cause the material to become insoluble
and acquire its characteristic elasticity. [19] Figure 7 shows the structures of the crosslink-
ing molecules that bond the tropoelastin together. Elastin’s primary function is to provide
elasticity to tissue and organs within the body that typically stretch and relax to their orig-
inal shape, such as lungs, skin, ligaments, tendons, and blood vessels. Based on its elastic
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nature, elastin is also a main contributor to elastic recoil, durability, and resilience for many
tissues and organs. [59,61–63] The structure variation when stretched and relaxed is shown
in Figure 8.
Figure 7: The molecular structure of (A) desmosine and (B) isodesmosine. It is the
crosslinking agent between elastin chains and gives the material its elastic properties. The
structure is a pyridine ring with lysine residues bonded at various ortho, meta, and para
sites.
Figure 8: A representation of an elastin network and its resulting elastic property. (A) is
the amino acid chains and (B) is the crosslinking molecules.
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Amino acid content in elastin is similar to that of collagen in that it is glycine rich with
the second most abundant amino acid being proline. [26, 64] However, unlike collagen,
elastin is not subjected to the constraint of glycine being on every third unit of a chain.
Another difference between collagen and elastin is proline in elastin will almost always
follow a glycine monomer, but will rarely precede it. Elastin has three main sequences
that it follows where it can be a tetra, penta, or hexapeptide. The three sequences that are
most common are Gly-Gly-Val-Pro, Pro-Gly-Val-Gly-Val, and Pro-Gly-Val-Gly-Val-Ala,
respecively. [26]
Since elastin has crosslinks between the amino acid chains, the material is considered
completely insoluble. This can cause difficulties when processing and must be accounted
for when taking additional measures in producing a material that can be effectively used. In
order to solubilize naturally derived elastin, the material must undergo hydrolysis to cleave
the crosslinking bonds. The elastin must soak in an acid bath for a period of time with mul-
tiple extractions of the material. At the end of the process, the elastin will become soluble
tropoelastin chains and ultimately processable. [65] An alternative to producing soluble
elastin through hydrolysis, synthetic elastin can be created through the use of oligomerized
gene coding. The downside to this process is that it creates highly ordered amino acid
chains, unlike that of natural elastin which has variations in the order. [66]
Many applications exist for elastin in both biology and engineering such as grafts and
scaffolds. [45, 61] Its combination of mechanical properties and biocompatibility make
it a useful material to incorporate into such systems. [59–61] Research into biocompati-
ble grafts using electrospun polycaprolactone and elastin fibers showed that tropoelastin
supported greater cell attachment, as shown in Figure 9A. It was also shown that elastin
reduces the occurrence of clotting, as demonstrated by the reduced slope of the plasma
clotting curve, shown in Figure 9B. [61]
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Figure 9: Comparison between tissue culture plastic, bovine serum albumin, fibronectin,
and recombant human tropoelastin coatings in regards to endothelial cell attachment (A)
and slope of the plasma clotting curve (B). [61]
2.3. Types of tissue engineering scaffolds
2.3.1. Extracellular matrix
Extracellular Matrices (ECMs) play an important role in the body. Its functions in-
clude providing structure for cells to adhere to, signal, and communicate with other cells.
[19, 32, 33] Along with acting as a scaffold for cells to grow and proliferate on, it also
regulates cell orientation, growth, and differentiation. Not all ECMs are the same. They
each must provide a certain function depending on their location in the body. [19, 67] In
tissue engineering, many engineered scaffolds are aimed to mimic that of a natural ECM in
order to effectively provide a suitable environment for cells to grow on. The ECM is made
up of a myriad of protiens, glycoaminoglycans, polysaccharides, and proteoglycans. [19]
Some common molecules found in the ECM include collagen, elastin, hyaluronic acid,
and chondroitin sulfate. [19, 67] Collagen and elastin are both very important components
to the ECM because they provide mechanical integrity to cells and viscoelasticity, respec-
tively. [32,33] Many different natural polymers found in the ECM have been researched and
incorporated into various scaffolds in order to create a environment for cells that matches
what is found in a human body. Two important areas of ECM research revolves around
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construction of hydrogels and nanofiber scaffolds.
2.3.2. Hydrogels
Hydrogels are a highly researched area of biomaterials. They provide a unique 3D
structure made up of a network of polymeric materials. The network is formed through a
variety of methods such as chemical crosslinks, metal ions, water interactions, and chain
entanglement. [19] However, the type of interaction that induces the 3D construct can cause
significant effects on the properties of the material. [13] Hydrogels have the ability of re-
taining large amounts of water, which can be highly useful for drug delivery and other
applications. [19, 68, 69] Despite the significant advantages that hydrogels provide, they
lack strong mechanical properties, which limit their applications. [69–72] Along with these
drawbacks, they have issues with degradation and maintaining a desired shape. [48]
Collagen has been used in a variety of hydrogels due to its functionality, biocompat-
ibility, and mechanical properties. Helary et al. analyzed collagen hydrogels and found
that increasing collagen content of the hydrogel resulted in a reduction in the drawbacks
of normal collagen hydrogels. It was also found that the collagen hydrogels had increased
cell proliferation and higher biocompatibility when dermal fibroblasts were introduced into
the system. [71] Through the use of chemical crosslinkers, mechanical properties of the
material, such as viscosity and elastic modulus, increase with increasing crosslinker con-
centration. [72]
To overcome the disadvantages of hydrogels, other scaffold designs must be adopted
to promote stronger mechanical properties and robustness. One such design is through the
use of nanofibers, which provide a 3D network and mimic natural ECMs.
2.3.3. Nanofibers
Nanofibers are a useful material system commonly used as scaffolds. As their name
implies, they adopt a fiber structure on the nanoscale. They possess a 3D porous structure
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that can be altered to promote cell growth and proliferation. They provide superior mechan-
ical properties to that of hydrogels and can be crosslinked and functionalized for various
applications. [73] Incorporating natural polymeric nanofibers has been proven to be more
biocompatible for tissue engineering applications and has been shown to be better suited to
mimic natural ECMs than that of synthetic polymers. [73, 74] One method for producing
these types of constructs is through a process called electrospinning. [75]
2.4. Electrospinning
Electrospinning is a commonly accepted technique for producing continuous nonwo-
ven fiber mats. [75] It is a simple, efficient, and inexpensive method for producing fibers
as small as tens of nanometers to hundreds of microns. [75, 76] Producing fibers with
this method is advantageous for many reasons. Properties that are improved through this
process include the materials surface area, surface-to-volume ratio, flexibility, mechani-
cal properties, porosity, and surface functionality. [76–78] Nanofibers fabricated through
this method are used in, but not limited to, tissue, biomedical, energy, and filtration appli-
cations. [32, 77–80] Other methods for creating nanofiber systems include melt, dry, and
wet spinning. However, these methods require mechanical forces to create fibers while
electrospinning relies on an applied electric field induced by a high voltage power supply
(HVPS). [76]
2.4.1. General apparatus
As depicted in Figure 10, an electrospinning set-up is comprised of three main com-
ponents: (A) a syringe with a needle, (B) a collector plate, and (C) a grounded HVPS
connected to both the syringe and the collector plate.
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Figure 10: Electrospinning setup: (A) syringe and needle, (B) collector plate, and (D)
high-voltage power supply.
An automated pump with adjustable rates is used to push the polymer solution through
the syringe needle. Gravity can also be used as a means of advancing the polymer solution
through the syringe when the setup is in a vertical position. Copper is typically used as a
collector plate for the produced fibers, but other methods for collection can be employed
including rotating drums, solution baths, and even human hands. [81–83] Covering the cop-
per plate with either aluminum foil or wax paper prevents contamination between samples.
Clamps and stands are used to secure the plate at a fixed distance from the syringe. The
HVPS is connected to the syringe needle and collector plate through the use of two wires
and is grounded by a third.
2.4.2. Physical process
When a polymer solution is pushed through the syringe needle it is held there due to the
surface tension of the material. An applied electric field distorts the shape of the polymer
solution at the tip of the syringe into a cone, known as a Taylor cone. [84] When the electric
field strength surpasses the solution’s surface tension, an electrically charged jet is pulled
from the cone towards the collector plate causing elongation of the polymer chains. As
the fibers travel, their trajectory towards the plate is not straight, but in a spiraling motion.
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Solvent in the fibers evaporates in the time that they travel from the syringe to the plate. [84]
Orientation of the fibers become dependent on the type of collector plate being used. Both
random and aligned fibers can be accomplished by altering how the fibers are collected.
2.4.3. Electrospinning parameters
Parameters in electrospinning exist in three parts: controlled variables, solution param-
eters, and ambient parameters. Controlled variables are those that can be altered without
changing the components of the polymer solution. These include the pump rate, distance
to the collector plate, and the applied voltage. Solution parameters are related to that of the
polymer solution that is being electrospun. Parameters in this category, such as viscosity,
net charge density and surface tension, are typically viewed as constraints as they are more
difficult to alter. Finally, environmental parameters are those that include the surround-
ing environment on fiber formation such as humidity and temperature. [75, 84] Figure 11
shows an overview of the parameters that effect fiber formation.
Figure 11: Electrospinning parameters that are commonly taken into account during the
process.
Solution parameters are constrained by the properties of the polymer mixture that is
trying to be electrospun. Each aspect of the solution is very important and can be used to
produce desirable fibers. The first property of interest is the net charge density. When an
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electric charge is applied to a polymer solution, the charge distribution at the Taylor cone
determines whether fibers form and their resulting morphologies. [75, 85] A higher charge
density is desirable because it prevents beading on fibers. Additionally, a higher net charge
density results in thinner fibers. [85, 86] This solution property can be altered in various
ways. One interesting way is electrospinning a polymer from a salt solution. Increasing
salt content in an electrospinning solution increases the net charge density of the polymer
resulting in thinner and less beaded fibers. [85] Figure 12 shows variations in polyethylene
oxide (PEO) fibers with increasing sodium chloride content.
Figure 12: A solution of 3wt% PEO in water. From a to f, the NaCl content increases from
0.0015g to 1.5g. The horizontal edge of all the images are 20 microns long. The units are
in coulomb/liter, a measure of the polymer solution’s charge density. [85]
Next, viscosity plays an important role in many aspects of fiber formation. [85–87]
High viscosity leads to chain entanglement of the polymer chains in solution. The criti-
cal chain entanglement concentration is when the polymer chain reaches a point where the
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solution crosses over from the unentangled regime to the entangled regime. [87, 88] In the
unentangled regime, the solution may splatter small spheres of polymer from the syringe to
the collector plate, which can be detrimental to fiber processing. [88] Increasing viscosity
has beneficial effects on fiber morphology as it can reduce beading and increase fiber diam-
eters. In order to achieve a higher viscosity, numerous steps may have to be taken, such as
increasing the concentration of the polymer, increasing the molecular weight, or changing
the solvent. [85–87, 89] When a polymer solution becomes too viscous, the solution will
no longer spin due to blockage of the syringe. [89] Figure 13 shows the trend of increasing
viscosity on fiber morphology.
Figure 13: Effect of increasing viscosity on beading, fiber morphology, and diameter. [73]
Finally, surface tension plays a critical role in the process of electrospinning. The Tay-
lor cone is an important aspect when electrospinning and is intertwined with the solutions
surface tension. Low surface tension causes the Taylor cone to break up into beads initiating
splatter to form. [85,89] Higher surface tension, which can be caused by increased chain en-
tanglement or high viscosity, results in a stable Taylor cone that forms polymer fibers. [89]
The addition of a solvent, such as ethanol (EtOH), can be used to break the surface tension
of more viscous solutions to increase its ability to be electrospun. [85,89,90] Deitzel, et al.
took images of the Taylor cone with varying concentrations of polymer solutions and saw
the distortion was attributed by the low surface tension of the mixture. Fiber morphology
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is dominated by surface tension at low viscosity, while viscosity becomes the determining
factor when the solution reaches its critical chain entanglement concentration. [85, 89]
Processing parameters are important when electrospinning fibers with desired mor-
phologies. They are adjustable parameters that can be altered regardless of the material
being used. First, the distance from the syringe to the collector plate plays an important
role on the diameter of the fibers. [30, 84] As the distance from the syringe to the collec-
tor plate increases, fiber diameters decrease as the polymer chains are elongated as they
whip toward the collector plate. [30] Inversely, large fibers with diameters of upwards of
hundreds of microns can be produced when the distance to the collector plate is small. [91]
The voltage that is applied to the syringe can also alter fiber morphology in various
ways. [87] Higher voltages can pull fibers from very viscous solutions, but can also cause
splattering and beading of fibers if brought to a high enough level. [73, 75, 85] Increasing
the voltage will result in pulling more polymer at a given time resulting in larger diameters.
Studies have also shown that higher voltages result in rougher morphologies, while low
voltages produce smooth morphologies. [89] When the voltage is brought past a critical
level, electrospraying begins to occur where droplets form instead of elongated fibers. [85,
90]
Finally, pump rate plays a crucial role in fiber formation. It has been seen that fiber
diameters increase with increasing pump rates due to more polymer being pushed through
the syringe tip [92] Increased beading can also occur due to the larger polymer solution
droplet at the tip of the syringe. [89, 92] It is also believed that increased beading could be
caused by larger amounts of solvent being pulled along with the fiber. Due to the excess
amount of solvent at the tip of the syringe, larger beads and gelation can occur. [92]
The last parameters that exist for electrospinning is the environment in which the pro-
cess takes place. Two contributing factors, humidity and temperature, play a role in fiber
formation. It has been seen that temperature effects how fast the solvent evaporates as fibers
elongate towards the collector plate. This can cause a brittle morphology at excessive heat.
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Also, the increased temperature has been shown to produce smaller fiber diameters. Hu-
midity has a similar effect in that increasing humidity results in thinner fibers. Increased
water absorption at the jet allows increased elongation of the fibers. Increased filming also
occurs at higher humidity because of the excess water absorbtion into the fibers. [93]
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3. MATERIALS AND METHODS
3.1. Materials
All materials were used as received unless otherwise stated. This will continue through-
out the entire thesis. Any further processing of any of material is specifically stated.
3.1.1. Biopolymers
For the majority of the experiments conducted in this thesis, three biopolymers were
used which include porcine skin gelatin (Sigma-Aldrich, St. Louis, MO), lyophilized col-
lagen (Kensey Nash, Exton, PA), and Bovine neck ligament 20-80 mesh insoluble elastin
(Elastin Products Company Inc., Owensville, MO). In order to use the elastin for electro-
spinning purposes, the material had to undergo a process to become soluble. A similar
procedure adapted from Partridge, et al. [94] About 20g of insoluble elastin was placed in
a round bottom flask with 150mL of 0.25M oxalic acid. Then the contents were heated
for 1hr over an oil bath at 100◦C where after the acid was decanted off and placed in a
40mL falcon tube (BD Falcon, Franklin Lakes, NJ). The contents was rapidly cooled over
ice and centrifuged at 2000 RPM using a centrifuge (Sorvall instruments, Miami, FL) for
15min. Finally, the solution dialyzed against distilled water until all the oxalic acid had
been removed. Six fractions would be taken and lyophilized to receive the solid product.
3.1.2. Crosslinkers
Seven total crosslinkers were initially used for crosslinking both gelatin and collagen.
Crosslinkers that were recieved from Sigma-Aldrich (St. Louis, MO) included 97% DVS,
99% ECH, EDC hydrochloride, Hydroxybenzotriazole (HOBt) monohydrate, and 50wt%
GA in water. Crosslinking agents from other sources include N -Hydroxysuccinimide
(NHS) (Pierce, Rockford, IL) and GEN (Wako-Chemicals). The final crosslinking agent,
Hexamethylene-1,6-di(aminocarboxysulfonate) (HDACS), was made in house using the
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method presented in Welsh et al. [95]
3.2. Solvents
Solvents that were used to dissolve the gelatin, collagen, and collagen/elastin sys-
tems included acetic acid (AA) (Sigma-Aldrich, St. Louis, MO), absolute ethanol (De-
con Labs Inc., King of Prussia, PA), phosphate buffered saline (PBS) (Sigma-Aldrich,
St. Louis, MO), and 99+% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (Oakland Chemicals,
West Columbia, SC). The PBS was diluted to a 1M solution by adding deionized water.
Deionized water is used numerous times throughout the thesis and is produced using a
Millipore filtration system (Millipore Corporation, Burlington, MA). All solvent systems
ratios were based on volume percent and were mixed thoroughly when put together us-
ing a vortexor (Fisher Scientific, Bohemia, NY). Solvent systems to dissolve the gelatin
and collagen included 1:1 10xPBS:EtOH, HFIP, and 9:1 AA:H2O. Another solvent used
for the activation of crosslinkers within bulk and fiber samples was triethylamine (TEA)
(Sigma-Aldrich, St. Louis, MO).
3.3. Solutions
All solutions of polymers were based off of weight per volume percents (wt/v%).
Twelve separate solutions were made, six of which were 8 wt/v% polymer and six were
16 wt/v%. Three of both sets were collagen and the other three from both sets were gelatin.
For each set of three, one solution was in 1:1 10xPBS:EtOH, one was in HFIP, and one
was in 9:1 AA:H2O. When measuring out the weight per volume percent, the calculated
amount of solid was placed in either a 15mL or 50mL falcon tube. Then about 80% of
the solvent was added to the polymer and mixed thoroughly using the vortexor. Once the
majority of the polymer dissolved and went into solution, additional solvent was added in
order to bring the final volume to the desired amount. Vortexing continued until all solids
went into solution and then placed on a rotator for a period of time to keep the solution
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agitated. Solutions in 1:1 10xPBS:EtOH required about one week before all solids dis-
solved, while HFIP and AA:H2O required only about three days. Solids were considered
completely dissolved when no particulates could be seen in the solution.
3.4. Solution characterization
All solutions made were characterized for viscosity, conductivity, and pH. Each tech-
nique was performed at ambient conditions (25 ± 3◦C) and each were tested three times.
Viscosity was measured using a size seven Zeitfuchs cross-arm ubbelohde. Samples were
prepared in 3mL increments for all solutions to be tested. The ASTM D446 standard for
the use of an Ubbelohde glass capillary viscometer was adapted to be used in experimenta-
tion (Cannon Instrument Co., State College, PA). For measuring conductivity, a CON 5110
conductivity meter (Oakton Instruments, Vernon Hills, IL) was utilized. Finally, pH indi-
cator sticks (J.T. Baker, Deventer, Netherlands) were used. A visual inspection was made
for the change in colors on the strip and compared to the given pH scale (pH 0-14).
3.5. Storage
All solutions were placed in 15 or 50mL falcon tubs and continuously agitated on a
Arma-Rotator A-1 (Elmeco, Bethesda, MD) for 3 to 10d before use. Fiber mats were
initially stored in plastic sample holders, which were then placed in a Secador 3.0 desiccator
(Scienceware Bel-Art Products, Wayne, NJ) until further use was needed. All samples were
kept at ambient temperature until they were needed.
3.6. Electrospinning
Solutions for electrospinning were loaded into a 14.5mm syringe (Becton Dickinson &
Co., Franklin Lakes, NJ) and agitated to remove any pockets of air. A 21-gauge needle
(Becton Dickinson & Co., Franklin Lakes, NJ) was fastened to the tip of the syringe. Then
the syringe was placed in an automated pump (Harvard Apparatus, Plymouth Meeting, PA)
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at a specified rate. A 90x90 copper plate wrapped in aluminum foil was fastened to a stand
some distance away. A HVPS (Gamma High Voltage Research Inc., Ormond Beach, FL)
connected the syringe and collector plate. The positive electrode was placed on the syringe
needle and the negative electrode was placed on the collector plate. A determined voltage
was then applied to both components. The experiment was run at ambient conditions in
low relative humidity (15 to 25% RH). Mats were peeled off of the aluminum foil and
stored for later use. Table 4 shows the specified spinning parameters of the solutions that
were electrospun. Only the 9:1 AA:H2O solvent with the polymers at 16 wt/v% were
used for crosslinking and solubility studies. No parameters changed with the addition of
crosslinkers to the solutions.
Solution Solvent Voltage Distance Rate Success
(kV) (cm) (mL/hr) (Y/N)
8 wt/v% Gelatin 1:1 10xPBS:EtOH 5 to 15 8 to 14 0.1 to 1 N
8 wt/v% Gelatin HFIP 12 12 1 Y
8 wt/v% Gelatin 9:1 AA:H2O 12 8 0.3 Y
8 wt/v% Collagen 1:1 10xPBS:EtOH 5 to 15 8 to 14 0.1 to 1 N
8 wt/v% Collagen HFIP 12 12 0.5 Y
8 wt/v% Collagen 9:1 AA:H2O 12 8 0.3 Y
16 wt/v% Gelatin 1:1 10xPBS:EtOH 12 12 1 Y
16 wt/v% Gelatin HFIP 15 12 1 Y
16 wt/v% Gelatin 9:1 AA:H2O 12 8 0.3 Y
16 wt/v% Collagen 1:1 10xPBS:EtOH 12 12 0.5 Y
16 wt/v% Collagen HFIP 7.5 12 0.3 Y
16 wt/v% Collagen 9:1 AA:H2O 12 12 0.05 Y
16 wt/v% Collagen 9:1 AA:H2O 14 12 0.05 Y
4 wt/v% Elastin
12.8 wt/v% Collagen 9:1 AA:H2O 14 12 0.1 Y
3.2 wt/v% Elastin
Table 4: Variations in electrospinning parameters for all gelatin, collagen, and colla-
gen/elastin solutions. Gelatin solutions in 1:1 10xPBS/EtOH were heated in a hot water
bath set to 50◦C for one hour before spinning.
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3.7. Crosslinking
All crosslinking samples were done in both bulk and fibers to compare any difference
that may occur from the processing method of electrospinning. All ratios were based on
the amount of crosslinker to available amine groups in gelatin and collagen. Ratios for
bulk samples were set at 10:1 crosslinking molecule to available amine group, while fibers
were subjected to ratios that are stated. The additional crosslinking molecules were added
to ensure the majority of available free amine groups had reacted.
3.7.1. Bulk
Seven different crosslinking systems were used for both gelatin and collagen solutions.
These systems include single crosslinkers GA, GEN, HDACS, ECH and DVS. EDC Cou-
pling crosslinkers included both NHS and HOBt. All solutions of gelatin and collagen
were made at 16 wt/v% in 1:1 10xPBS:EtOH. Gelatin samples were heated to 50◦C in a
hot water bath before crosslinking occured. All crosslinkers were added at a ratio of ten
crosslinkers to one amine group as shown by Figure 4. Samples were mixed thoroughly
using a vortexor until all materials were completely dissolved. If base activation was re-
quired, as it was for HDACS, ECH, and DVS, a drop of TEA was added to the mixture
and vortexed until the solution gelled. At specific time points, the solution was visually
inspected to take note of any color change or consistency. Images were taken of the solu-
tions at each time point. After sample had completely gelled, the gel was washed a total
of three times with ethanol and then three times with deionized water to remove excess
crosslinkers. The sample was allowed to air dry for two weeks before any further testing
was performed.
3.7.2. Fibers
When crosslinking the fibers, a two-step method was adapted in order to crosslink
the samples. All fibers that were crosslinked were electrospun in 9:1 AA:H2O. Each
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crosslinker required a separate ratio in order to prevent dissolution of the fibers. Fibers
with GEN at a ratio of 4:1 and HDACS at 4:1 were heated to 120◦C using a Blue M Oven
(Pacific Combustion, Torrance, CA) before further tests were performed. Samples with
DVS at a ratio of 15:1 were soaked in a base (TEA) to activate the crosslinker. Fibers
that had ECH at a ratio of 20:1 and DVS at 15:1 were both basified, as well, using TEA.
Samples with DVS and ECH were heated at 100◦C after the samples were basified in order
to evaporate the remaining TEA from the fibers. Samples showed to film when soaked in
TEA so heat activation was adapted instead of basification.
3.8. Microscopy
Fiber samples were looked at under an Olympus PMG3 optical microscope (Olympus
America Inc., Center Valley, PA) when first fabricated. Mats that were deemed acceptable
were first images using the microscope to confirm that fibers had been made. Samples that
appeared sufficient were then imaged under a Zeiss Supra 50VP field emission scanning
electron microscope (FESEM; Carl Zeiss NTS, LLC, North America) and stored for further
testing. Attached to the SEM is an Energy-dispersive X-ray spectrometer. This was used
to look for flourine atoms in fiber mats electrospun from HFIP.
Samples for SEM included all fiber mats with and without crosslinkers, as well as,
samples that had been activated for crosslinking. Sample preparations for the SEM included
sputter coating, which added a 5nm thick platinum/paladium film. The sputtering occurred
for 30 seconds and 40mA with the use of a Denton Vacuum Desk II (Denton Vacuum, LLC,
Moorestown, NJ). All fibers had their diameters measured using ImageJ (v. 1.410, National
Institute of Health, USA). A total of 50 measurements were made for each SEM image and
a respective histogram was compiled.
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3.9. MelTemp
A Mel-Temp (Dubuque, IA) was used on both gelatin and collagen samples to deter-
mine the temperature at which a a phase change or degradation occurred. The sample was
loaded with polymer in borosilicate glass capillaries (Kimble Kontes LLC, Mexico). Im-
ages were taken of a sample before and after heating. Color changes or consistency were
the determining factors when a material reached a point of phase change or degradation.
3.10. Fourier Transform Infrared Spectroscopy (FTIR)
Infrared spectra was taken for all bulk and fibers samples with and without crosslinkers,
as well as after basifying the fiber mats, using a Varian Excalibur FTS-3000 FTIR (Varian,
Inc., Palo Alto, CA). All spectra was taken using the attentuated total reflectance module
across the range of 500 to 4000 cm−1. A total of 64 scans were taken with a resolution of
4 cm−1. Six file formats with and without baseline corrections were taken.
3.11. Solubility testing
Fiber mats were all tested for stability under acidic, basic, and neutral conditions. Sam-
ples were cut into 1x1cm squares and placed in a petri dish filled with 20mL of 1M AA (pH
3), 1M NaOH (pH 13), or deionized water (pH 7). A 1.5mL aliquot was taken at 15 minutes
and 72 hours and placed in 2mL plastic cuvettes (VWR, Radnor, PA). The cuvettes were
placed in a USB2000 Miniature Fibre Optic Spectrometer (Ocean Optics, Inc., Dunedin,
FL) in order to measure the transmittance at 600nm (T600). Three sets of data was taken
for statistical analysis. All aliquots were replaced after the sample had been measured. A
reference of each solution without the fiber mats were taken for each pH. The fiber mat
placed in the solution was saved for further testing using SEM. Visual inspection was also
performed to note any color change or if the mats have dissolved.
Another test was performed based on the solubility of bulk gelatin and collagen in
solution. Both a visual and analytical inspection of the solutions were performed. After
32
the solution had fully dissolved, 1.5mL was placed in a 2mL plastic cuvette. Transmittance
was measured at T600 using the USB2000 Miniature Fibre Optic Spectrometer. Samples
that were tested had a concentration of 8 wt/v% and 16 wt/v%. Three sets of data were
taken for each sample. A reference of each solvent was used to compare to the samples.
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4. SAFETY
4.1. Solvents
All solvent information was gathered from the corresponding material safety data sheets
(MSDSs) provided by the suppliers. All chemicals are handled with proper personal pro-
tection equipment (PPE) which included nitrile gloves, lab coat, and goggles. Additional
safety precautions may have been used in the handling and use of these chemicals and are
described as needed. All National Fire Protection Agency (NFPA) hazard identification
ratings go from 0 to 4 with the classifications being health, fire, and reactivity hazards and
are presented in this order for each chemical.
4.1.1. Acetic acid
AA is a clear, colorless liquid that is flammable in both a liquid and gaseous state.
Ingestion of this chemical can be highly toxic so the mouth should be rinsed out with
water repeatedly. Skin or eye contact with this chemical can cause severe burns and the
affected area should be rinsed thoroughly. Inhalation of this chemical can be dangerous,
causing potential damage to the mucous membranes and upper respiratory tract. The NFPA
classifies the chemical with ratings of 3, 2, and 0. To prevent any of these health risks from
occurring, proper PPE is worn, and when there is a health risk involved, a physician should
be consulted immediately.
4.1.2. 1,1,1,3,3,3-Hexafluoro-2-propanol
HFIP is a clear, colorless liquid with high volatility. It can cause severe burns to both
eyes and skin if it comes in contact with either. This chemical can be incredibly harmful
if inhaled or swallowed due to its corrosive nature. The NFPA classifies the chemical with
ratings of 3, 0, and 0. If contact or ingestion occurs, the effected area should be rinsed
repeatedly. If inhaled, the person should be moved to an area with fresh air. After either
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occurrence a physician or poison control should be notified
4.1.3. Ethanol
Ethanol is a clear, colorless volatile liquid. The chemical is highly flammable and is
typically stored in fire safe locations. If the chemical is ignited, sand or alcohol-resistant
foam should be used to extinguish the flame. No severe issues occur when in contact with
the skin, but should be rinsed off thoroughly. Proper PPE is still required when working
with this chemical. Ingestion of absolute ethanol is hazardous and a physician or poison
control should be contacted immediately. The NFPA gives this solvent ratings of 1, 3 and
0.
4.1.4. Triethylamine
Triethylamine is a volatile clear liquid with a very pungent odor. This base is a very
toxic and flammable chemical that should be stored accordingly. Any contact, whether it
be the eye or skin, can be very hazardous and the effected area should be rinsed thoroughly
and reported immediately with the potential for severe burns. Due to the strong odor of
TEA, dizziness can occur. The effected person should be moved to an area with fresh air
if this happens. Any ingestion can be very dangerous. A thorough washing of the mouth,
as well as immediate report to poison control is necessary. In any such cases, the person
afflicted should be taken to the hospital. The NFPA gives ratings for this chemical of 3, 3,
and 0.
4.2. Solids
All solid’s safety information was gathered from MSDSs provided by the source from
which the materials were purchased. Proper PPE was used in the handling of all solid ma-
terials. All National Fire Protection Agency (NFPA) hazard identification ratings go from
0 to 4 with the classifications being health, fire, and reactivity hazards and are presented in
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this order for each material.
4.2.1. Biopolymers
Gelatin, collagen, and elastin are all biopolymers that share very similar safety infor-
mation and precautions. Both porcine skin gelatin and type I bovine tendon collagen are a
white powdery material, while elastin is a flaky yellow solid. The safety issues associated
with all three materials include inhalation, eye contact, and ingestion hazards. Irritation
can occur if the powder or flakes reach a persons respiratory tract and should be moved to
fresh air with the notification of a physician. Eye irritation can occur and the effected area
should be washed repeatedly to relieve any pain that may occur. Ingestion of these materi-
als can can be hazards so the mouth area should be rinsed thoroughly before consulting a
physician. The NFPA gave these materials safety ratings of 2, 0, and 0.
4.2.2. Genipin
GEN is a white powdery solid. This material can be highly toxic if swallowed and
should be reported immediately to poison control. Irritation is expected when this material
comes in contact with eyes or is inhaled. The effected area should be washed cautiously for
several minutes while for inhalation, the person should be moved to fresh air. The NFPA
gives safety ratings for this material of 2, 0 and 0.
4.2.3. N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
EDC is a opaque powdery solid. The hazards associated with it are not too hazardous,
but precautions must be made when handling the material. Series eye damage can be
caused if it comes in contact. A thorough rinsing should be done cautiously to remove
any residual material. Contact with the skin can cause irritation, but rinsing should be
a sufficient method of removing EDC from skin. If the material is ingested, a physician
should be notified and the mouth rinsed out. Finally, inhalation of this material can cause
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some respiratory irritation. Moving the effected person to an area with fresh air should be
adequate. The NFPA gave ratings of 2, 1, and 0 for this material.
4.2.4. N-Hydroxysuccinimide
NHS is a white powder with some hazards associated with it. Any contact with skin
or eyes can lead to irritation and must be washed repeatedly. In severe cases, a physician
should be notified. Inhalation can cause respiratory irritation and the effected person should
be moved to an area of fresh air. Finally, ingestion of this material can be hazardous. A
physician should be immediately notified and the mouth area should be rinsed thoroughly.
NFPA has ratings of 2, 1, and 1 for this solid.
4.2.5. 1-Hydroxybenzotriazole hydrate
HOBt is an opaque flammable powder. Most of the health hazards presented occur
from irritation that can occur when it comes in contact with skin or eyes and when it is
inhaled. Washing thoroughly where it made contact is adequate for treatment. In severe
cases, a physician should be notified. If ingested, a physician should also be consulted.
Since this material is flammable, only dry sand, dry chemical foam, or alcohol-resistant
foam should be used when extinguishing a fire of this source. The NFPA has given this
material estimated ratings of 2, 3, and 3.
4.3. Liquids
All liquid’s safety information was gathered from MSDSs which was provided by the
purchasing source. All liquid materials were measured and used within a fume hood while
using proper PPE. Disposal of these materials are done in designated waste containers.
37
4.3.1. Glutaraldehyde
Glutaraldehyde is a clear, colorless oil. It is a highly toxic crosslinking agent with many
hazards associated with it. Ingestion of this chemical can be highly toxic. A thorough
rinsing of the mouth is necessary along with notifying poison control. Vomiting should
not be induced at anytime. Inhalation is also toxic. Removing the effected person and
placing them in fresh air should be done quickly. Severe skin and eye damage can occur
if it comes in contact with either. Cautious washing should be done repeatedly for at least
15min. Continuous rinsing should occur during transporting to the hospital for care. The
NFPA gives safety ratings for this chemical of 3, 0, and 1.
4.3.2. Divinyl sulfone
Divinyl sulfone is a clear, colorless liquid with many hazards associated with it. This
chemical is highly toxic and possibly fatal if it is ingested or comes in contact with the
skin. If either of these events occur, poison control should be notified immediately and the
effected area should be washed gently and repeatedly with soap and water. Small amounts
in contact with the skin or eye will cause irritation and should be washed thoroughly if this
occurs. Finally, vapors from DVS can cause respiratory irritation and the effected person
should be moved to an area with fresh air. NFPA gave this chemical ratings of 4, 1, 1.
4.3.3. Epichlorohydrin
Epichlorohydrin (ECH) is a clear colorless liquid. The chemical is volatile and very
flammable leading to fire and health hazards. Coming in contact with skin or eyes can
cause serious burns and should be washed repeatedly with soap and water. Ingestion of this
chemical is highly toxic and should be reported as soon as it occurs. This material is also
known to be a carcinogen so it should be used with great care and safety. Finally, inhalation
of this material is toxic and the effected person should be moved to an area with fresh air
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before consulting a physician. In any of these case, a physician or poison control should be
notified. The NFPA gave ratings to this chemical of 3, 3, and 0.
4.4. Electrospinning setup
The electrospinning setup has three hazardous components when in use. These three
parts include the HVPS, the pump, and the needles used on the syringe. First, the HVPS is
always turned off before use with the voltage starting at zero. Being an electrical system,
the power box will emit a voltage chosen between 0 and 25kV, while the current that it
exhibits is around 2mA. Alligator clips are applied to the copper collector plate before the
power supply is turned on. If the setup must be altered in anyway, the HVPS is turned off
completely.
Second, the syringe pump has multiple pinching points. In order to avoid these hazards,
the pump is stopped before adjusting anything with the setup. The setup is also completely
shut down between uses in order to avoid any unexpected issues from occurring.
Finally, syringes that are used have needles that can be hazardous to the user. Precau-
tions are put in place to avoid any such hazard from occurring. Needles are received in
a cap as to avoid potential accidental poking. Also, after a needle has been carefully un-
capped and applied, the cap is never reapplied in order to avoid any stabbing. The used
needle is thrown away in a designated sharps receptacle for disposal.
39
5. RESULTS AND DISCUSSION
5.1. Gelatin
5.1.1. Bulk crosslinking
All bulk samples were crosslinked using a 10:1 ratio of crosslinking molecules to avail-
able amine groups as determined from Daamen, et al. [45] Additionally, samples had a
concentration of 16 wt/v% in a solvent of 1:1 10xPBS:EtOH. Effectiveness of crosslinking
of bulk and fiber materials can vary and must be compared to gain a full understanding of
the reaction. A visual inspection of the crosslinking was noted to see the rate at which the
reactions took place. Some samples required basic conditions to initiate the crosslinking
reaction and render the bulk gelatin insoluble. Typically, the formation of a gel and color
change are strong indictors that a material has formed a crosslink. The first crosslinking
agent utilized in this study was DVS. Alkene groups on the DVS molecule react with hy-
droxyl groups, and amine groups to a lesser degree, forming ether bonds or amine bonds
respectively. With the addition of the DVS molecules, the solutions color and viscosity
remained largely unchanged. After one drop of TEA was added to the solution, the sam-
ple turned greenish grey and gelled in about 10 s. After washing the sample, the mate-
rial remained a gel and did not dissolve, which suggests that the material was completely
crosslinked. Time points of the reaction are shown in Figure 14.
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Figure 14: Crosslinking of gelatin using DVS as the crosslinking agent. The time points as
shown are: (A) initial solution without DVS and (B) after 10 min of mixing with DVS and
the addition of one drop of TEA.
Next, a gelatin solution was crosslinked with ECH. This molecule possesses an epoxide
ring which opens and forms links between free amine or hydroxyl groups along the gelatin
backbone. The initial solution was a clear liquid without any crosslinker added. With the
addition of the crosslinker and one drop of TEA, the clear solution turned cloudy grey and
formed a gel in about 10 s. After washing, the material remained a solid material suggesting
that the bulk gelatin had been completely crosslinked. The time points taken for the bulk
crosslinking are shown in Figure 15.
Figure 15: Crosslinking of gelatin using ECH as the crosslinking agent. The time points
as shown are: (A) initial solution without ECH and (B) after 10 s of mixing with ECH and
the addition of one drop of TEA.
Another crosslinking mechanism that was utilized was EDC coupling. This type of
mechanism results in the formation of a super leaving group where a coupling agent, typ-
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ically HOBt or NHS, replaces the hydroxyl group on a carboxylic acid along the polymer
chain and ultimately leaves in the presence of an amine group forming an amide bond.
Both coupling agents were used in this study to verify that EDC could be successfully used
as a method for crosslinking gelatin. Both samples started as a clear solution. With the ad-
dition of the crosslinking agents, the materials turned opaque as the molecules were being
dissolved in the solution. Over time, the solution became more viscous and turned clear.
The reaction that included a 1:1 ratio of EDC:HOBt completely gelled at 1 min while the
reaction that included NHS was completely gelled in about 5 min. Figures 16 and 17 show
the time points in the reactions for the 1:1 EDC:HOBt and EDC:NHS, respectively.
Figure 16: Crosslinking of gelatin using a 1:1 ratio of EDC and HOBt as the crosslinking
agents. The time points as shown are: (A) initial solution without EDC:HOBt and (B) after
1 min of mixing with EDC:HOBt.
Figure 17: Crosslinking of gelatin using a 1:1 ratio of EDC and NHS as the crosslinking
agents. The time points as shown are: (A) initial solution without EDC:NHS and (B) after
5 min of mixing with EDC:NHS.
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A crosslinking agent used for many different materials is GA. Due to the extensiveness
at which this molecule is used as a crosslinker, it was applied to the bulk gelatin to test its
effectiveness. GA molecules react with free amine groups to form imine bonds with the
polymer chain. However, GA can react with itself forming alkenes which leads to longer
crosslinks and increased effectiveness of the molecules finding another binding site along
the polymer backbone. When used in the study, the addition of the molecule to the gelatin
caused an immediate color change to a yellow and formed a gel in less than a minute. The
intensity of the yellow continued to grow at 5 and 10 min to the point that it became orange-
brown. Increased intensity of the color indicates the molecules reacting with themselves
while crosslinking. Figure 18 shows the time points of the gelatin reaction with the GA.
Figure 18: Crosslinking of gelatin using GA as the crosslinking agent. The time points as
shown are: (A) initial solution without GA, (B) after 1 min, (C) after 5 min, and (D) after
10 min of mixing with GA.
Another molecule looked at which is commonly used in the crosslinking of proteins is
GEN. GEN is an interesting molecule with many different mechanisms for which it can
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create crosslinks. The reaction will always involve an amine group and then the reaction of
two GEN molecules together to create the bond between polymer chains. In the solution,
the initially clear liquid turned light yellow after 5min of mixing. This color darkened at 10
min and again at 20 min. After 40 min the solution had turned brown and was completely
gelled. Finally, after 2 hx the gel had turned blue. This is indicative of crosslinks forming
as GEN, when reacted and crosslinking, turns a blue color. After washing, the gel was
still a solid material with a dark blue color suggesting that the bulk gelatin had completely
crosslinked. In Figure 19 the color change at each time point can be seen.
Figure 19: Crosslinking of gelatin using GEN as the crosslinking agent. The time points as
shown are: (A) initial solution without crosslinker and (B) after 5min, (C) after 10min, (D)
after 20min, (E) after 40min, and (F) after 120min of mixing with GEN.
The final crosslinker used in this study was HDACS. This molecule is very interesting
as it forms a urea bond with available amine groups in the polymer. Once the crosslinker
was added had been added and completely dissolved, a drop of TEA had been added to
basify the solution. In less than a minute, the solution had become pink and formed a gel.
When the material was washed, the gel remained intact and didn’t dissolve suggesting that
the material had been completely crosslinked. The time points that depict this reaction are
shown in Figure 20.
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Figure 20: Crosslinking of gelatin using HDACS as the crosslinking agent. The time points
as shown are: (A) initial solution without HDACS and (B) after 1min of mixing with
HDACS.
Typically, polymers that aren’t crosslinked can be heated to their respective melting
temperatures to form a liquid. When a crosslinked polymer is heated, degradation will
occur instead and a liquid state never forms. Based on this assessment, a MelTemp was
used to compare the melting temperature of the uncrosslinked gelatin to the crosslinked
samples. However, once the gelatin was heated up over 150◦C, the material begins to
degrade. This presents an issue with using this method as an indication of crosslinking as
the material does not melt at high temperatures.
As an alternative method for proving that the gelatin was crosslinked, FTIR was used to
look at IR transmission peaks at corresponding wavenumbers that indicate the presence of
certain functional groups. Each sample was tested and compared to the bulk gelatin sample
in order to verify any shifts, additions, or subtractions of peaks in their corresponding
spectrums. Figure 21 shows the spectrum of bulk crosslinked samples as compared to
the bulk gelatin. Characteristic peaks of gelatin, as well as noteworthy peaks for each
individually crosslinked sample are shown in Table 5.
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Figure 21: FTIR spectrums of crosslinked bulk gelatin with (A) DVS, (B) ECH, (C)
EDC:HOBt, (D) EDC:NHS, (E) GA, (F) GEN, and (G) HDACS. Spectrum (H) is of bulk
gelatin. Solid veritical lines indicate characteristic peaks of gelatin, while dotted lines in-
dicate important peaks for each individual crosslinker.
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IR Peak ( cm−1) Functional Group
610 -CH2-CH2-CH2-CH2-CH2-
740 -CH2-CH2-
1100 O=S=O
1190 O=S=O
1265 Epoxide
1400 CH2
1440 CH2
1520 Amide
1540 Urea
1620 Amide
1680 Ester
1720 C=O
Table 5: Important peaks as shown in Figure 21. Finger print peaks for gelatin are at 1440,
1520, and 1620 cm−1.
Peaks of 1440, 1520, and 1620 cm−1 are all characteristic peaks of gelatin. They
correspond to amide bonds and CH2 groups, which are both very common to amino acids.
The spectrum of gelatin with DVS shows peaks at 1100, 1190, and 1400. Sulfone peaks are
characteristic of DVS and correspond to the 1100 and 1900 cm−1 peaks. This suggests that
DVS is in the fibers and likely crosslinking as there isn’t increased noise at the 1400 peak,
which corresponds to the CH2 groups. From the FTIR anaylsis and visual assessment of
the solution, crosslinking using DVS was a success.
Next, ECH was showed a distinct peak at 1400 that was more intense than in the bulk.
This suggests there is an increased number of CH2 groups in the material. As ECH is an
epoxide, when the ring opens, the crosslinks between the collagen molecules include these
additional CH2 groups. Also, the lack of an epoxide peak at 1265 cm−1 suggests that no
residual ECH was left in the sample. Based on the spectrum and the visual assessment, the
gelatin had been successfully crosslinked using ECH.
Both EDC coupling agents of HOBt and NHS showed new peaks after crosslinking at
740 and 1720, respectively. These peaks are both characteristic of the individual molecules.
For HOBt the peak corresponds to two CH2 groups, while for NHS the peak corresponds
to a carbonyl group. This suggests that, although crosslinks may have formed, not all the
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HOBt and NHS groups had reacted to form crosslinks and remained attached to the car-
bonyl groups. Their presence in the material can affect the solubility of the gelatin causing
the material to gel. Removing these new functional groups are difficult, requiring multiple
washes of glycine in order to get rid of the excess. Leaving these groups attached to the
carbonyls in the gelatin could present potential toxicity issues in biological applications. A
typical mechanism of EDC:NHS reacting with a carboxylic acid is shown in Figure 22.
Figure 22: The general mechanism for EDC coupling, which the coupling agent in this
case being NHS, forms amide bonds between two collagen molecules..
For samples crosslinked with GA, two peaks were analyzed: 1400 and 1720 cm−1.
The peak at 1400 cm−1 corresponds to the additional CH2 bonds that exist in the GA,
while the peak at 1720 cm−1 indicates an aldehyde group in the gel. The disapearance of
the peak at 1720 cm−1 shows that the GA had fully reacted. Also, a broadening of the
peak at 1620 cm−1 suggests that an imide peak, which forms when an amine group reacts
with an aldehyde, had formed. This further shows that the gelatin had been successfully
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crosslinked using GA.
Crosslinking performed using GEN visually suggested that crosslinking had occurred.
The IR spectrum confirms this as a new peak formed at 1680, which suggests ester groups,
had become present in the gel. As GEN has many of the same functional groups as that of
gelatin, the visual assessment was the main tool used to determine whether the material had
crosslinked. Due to the color change and the new ester peak, the system was considered
successfully crosslinked.
Finally, HDACS showed two peaks which indicated that the material had crosslinked.
First, the peak at 610 cm−1 is a strong indication of a chain of CH2 groups. This is a
characteristic peak for HDACS and proves that the material is in the gel. Broadening of
the 1520 peak and slight shift to 1540 cm−1 indicates the presence of a urea bond. This
bond is formed when HDACS reacts with an amine group in a polymer, which is a strong
indication that the material had successfully reacted with the amine groups in the gelatin to
form crosslinks within the material.
Based on the success of each individual crosslinker, four specific molecules were cho-
sen to do further tests on moving forward. These crosslinkers included DVS, ECH, GEN,
and HDACS. The reason the EDC coupling molecules weren’t chosen was due to the pos-
sible toxicity concerns of the residual HOBt and NHS that had not formed crosslinks. Ad-
ditional steps of washing samples with glycine increases the amount of steps needed in
order to arrive at the final product, which lowers efficiency of the entire process. The other
molecule not chosen was GA because it presents some toxicity concerns in biological ap-
plications. Despite its strong affinity for crosslinking with amine groups, it was necessary
to use the most effective and toxic free molecules of the ones tested.
5.1.2. Electrospinning in various solvents
Gelatin has been electrospun in numerous solvents such as 9:1 AA:H2O and HFIP
with great success [96, 97]. A comparison of the fiber morphologies and diameters when
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using different solvents are important in determining the best spinning parameters for the
material. Concentrations of 8 and 16 wt/v% gelatin in 1:1 10xPBS:EtOH, 9:1 AA:H2O,
and HFIP were electrospun. The higher concentrations samples were imaged using SEM.
Lower concentrations resulted in less robust mats and increased spinning difficulty. Also,
the solutions required a period of heating before the viscosity was low enough to be pushed
through a syringe. For the 1:1 10xPBS:EtOH solutions the pH, viscosity, and relative
conductivity to water were 7, 440cSt, and 367.8, respectively. SEM images of samples
spun from 10xPBS:EtOH are shown in Figure 23, along with fiber the respective fiber
measurements.
Figure 23: SEM images of gelatin fibers electrospun from 1:1 10xPBS:EtOH. The solution
was spun at a voltage of 12 kV, a distance of 12 cm, and a rate of 1 mL/h. Both (A) and (B)
images are representative of the fiber mats made from the solution. Image (C) demonstrates
a distribution of fiber diameters. It was found that electrospinning this solution with the
corresponding parameters resulted in fiber diameters of 2030 ± 885 nm. Measurements of
the SEM image were taken 50 times.
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Fibers spun using 10xPBS:EtOH showed fiber branching, as well as precipitated salts
on fiber surfaces. These salts originated from the PBS solution where crystallization oc-
curred while fibers were pulled from the syringe tip to the collector plate. Salt formation
is not ideal for biological applications unless leeching is performed. Also, fiber diameters
that were electrospun appeared very large with an average of around 2 µm and a standard
deviation of 0.8 µm. The large range indicates variability between individual fibers which
corresponds to less control of fiber formation.
Next, the solvent 9:1 AA:H2O was used to dissolve the same concentration gelatin for
electrospinning. The solution required no extra preparation, as did the 10xPBS:EtOH, mak-
ing it easier to electrospin the material over a longer period of time. An 8 wt/v% solution
was also electrospun, but some spitting occurred leading to a more difficult process. The
solution that was spun had a pH of 2, a viscosity of 56.7 cSt, and a relative conductivity to
water of 14. Figure 23 shows the 16 wt/v% electrospun fibers, as well as fiber diameters,
of the produced mat.
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Figure 24: SEM images of gelatin fibers electrospun from 9:1 AA:H2O. The solution was
spun at a voltage of 12kV, a distance of 8cm, and a rate of 0.3 mL/h. Both (A) and (B)
images are representative of the fiber mats made from the solution. Image (C) demonstrates
a distribution of fiber diameters. It was found that electrospinning this solution with the
corresponding parameters resulted in fiber diameters of 127 ± 28 nm. Measurements of
the SEM image were taken 50 times.
Fibers that were produced from this solvent resulted in very small diameters ranging
from as low as 60 nm all the way to 190 nm. The tight diameter range at which these
fibers are formed make for a very uniform material with little variability. As opposed to
the 10xPBS:EtOH fibers, the ones produced from the AA:H2O solvent produced uniform
cylindrical fibers with no beading or branching.
The last set of fibers were electrospun from HFIP. Fluorinated solvents are good solvent
systems to spin biopolymers from due to the enhanced hydrogen bonding caused by the
fluorine groups. The material dissolved rapidly in the solution and required no additional
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steps in order to electrospin the material leading to an advantageous element of this system.
The pH, viscosity, and relative conductivity to water of the solutions were 7, 94 cSt, and 2,
respectively. SEMs of the fibers and the diameter distributions are shown Figure 25.
Figure 25: SEM images of gelatin fibers electrospun from HFIP. The solution was spun
at a voltage of 15kV, a distance of 12cm, and a rate of 1 mL/h. Both (A) and (B) images
are representative of the fiber mats made from the solution. Image (C) demonstrates a
distribution of fiber diameters. It was found that electrospinning this solution with the
corresponding parameters resulted in fiber diameters of 5311 ± 3327 nm. Measurements
of the SEM image were taken 50 times.
Fibers made from HFIP resulted in a ribbon morphology, unlike the branched and cylin-
drical fibers that were produced from 10xPBS:EtOH and AALH2O, respectively. The di-
ameters of fibers produced this way were very large with an average around 5311 nm. Also,
the standard deviation of the diameters was big with a value of 3327 nm. This contributes
to a larger variability among the material and increased difficulty in controlling the size of
the produced fibers. Some branching can also be seen in the fibers.
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When comparing the fibers from the three sets of solvents, it can be seen that the most
successful mats were spun using 9:1 AA:H2O. The variation in the morphologies show
that this solvent creates more uniformity within the sample than that of 10xPBS:EtOH and
HFIP. This allows for more control over the electrospinning process and less variability
from sample to sample. Also, if salts are present in the solvent, they crystalized out and
create an undesirable morphology, such as one that was produced in the 10xPBS:EtOH
system. Finally, toxicity is a large concern for biological materials. EDS was taken of
gelatin fibers produced using HFIP as the solvent, and residual fluorine groups were seen
in the fiber mat. This suggests that the fibers retain some of the toxic HFIP. By using the
AA:H2O system, toxicity concerns are reduced as AA is less harmful to the body. The EDS
atomic percentages and spectrum are shown in Figure 26.
Figure 26: Gelatin in HFIP at 7.5 wt/v% was electrospun with a voltage of 12 kV, a distance
of 12 cm, and a rate of 1 mL/h. EDS was used to analyze the fibers to look for residual
solvent after spinning. Image (A) shows the calculated atomic percentages, while image
(B) shows the spectrum of the fibers.
FTIR spectrums were taken of each fiber mat produced from the three different solvent
systems. This additional analysis is a useful method for determining whether side reac-
tions occurred between the gelatin and solvent. Also, the spectrums were used to compare
whether residual solvent was left in any of the fibers. The spectrums for each fiber mat is
shown in Figure 27.
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Figure 27: IR spectrums for each fiber system electrospun from (A) 10xPBS:EtOH, (B) 9:1
AA:H2O, and (C) HFIP. Spectrum (D) is for bulk gelatin for comparison.
As seen by the FTIR spectrums of the three fiber systems spun from various solvents,
no significant changes were caused in the material after they were spun. Additional peaks
occurred in the samples spun from HFIP between 1200 and 1300 cm−1. These correspond
to hydroxyl and fluorine groups, which suggests that the fibers retain HFIP after they have
been processed using electrospinning. Avoiding toxic solvents is preferred in biological
applications because washing is needed in order to remove these harmful chemicals from
the system. The most successful solvent as seen by ease of production, fiber morphology,
and solvent toxicity was seen to be 9:1 AA:H2O. All solution parameters are compiled in
Table 6.
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Gelatin Solution pH Viscosity (cSt) Relative conductivity
to water (a.u.)
1:1 10xPBS:EtOH 7 440 ± 10.5 368 ± 14.6
9:1 AA:H2O 2 170 ± 3.5 14 ± 0.1
HFIP 7 94 ± 4.6 2 ± 0.2
Table 6: Solution parameters of each gelatin solution in different solvent systems are
shown. All electrospinning solutions had 16 wt/v% gelatin. Measurements were taken
three times to ensure accuracy.
5.1.3. Electrospinning crosslinked gelatin fibers
Fibers were electrospun with the chosen crosslinkers that were successful in bulk sam-
ples. These crosslinkers were DVS, ECH, GEN, and HDACS. Solutions were made with
various ratios of these crosslinking molecules to available amine groups in the gelatin.
Each fiber system was tested using SEM and FTIR in order to compare them to the bulk
crosslinked samples. Samples electrospun with 15:1 DVS are shown in Figure 28.
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Figure 28: SEMs of gelatin fibers with 15:1 DVS. Sample was electrospun from a 9:1
AA:H2O solution at with a voltage of 12 kV, a distance of 8cm, and a rate of 0.3 mL/h.
Fiber morphologies are shown in (A) and (B). The diameter distribution within the mat is
shown in (C). Based on the SEM images, the average fiber diameter was found to be 543
± 192 nm. For measuring the average diameter size, 50 measurements were taken.
Fiber morphology of the samples electrospun with DVS show a loss of the cylindrical
structure that pure gelatin in 9:1 AA:H2O exhibited. The fibers now possess a ribbon
morphology and a larger diameter size of 543 ± 192 nm, which is four times greater than
the diameter of pure gelatin.
Next, gelatin fibers were electrospun with 20:1 ECH. These fibers are shown in Figure
29, along with a distribution of the fiber diameters. Based on the SEM micrographs, it can
be seen that the cylindrical morphology had again reverted to a ribbon-like structure. Along
with this, the fiber diameters that were produced were 621 ± 216 nm, or almost five times
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larger than the pure gelatin fibers.
Figure 29: SEMs of gelatin fibers with 20:1 ECH. Sample was electrospun from a 9:1
AA:H2O solution at with a voltage of 12kV, a distance of 8 cm, and a rate of 0.3 mL/h.
Fiber morphologies are shown in (A) and (B). The diameter distribution within the mat is
shown in (C). Based on the SEM images, the average fiber diameter was found to be 621
± 216 nm. For measuring the average diameter size, 50 measurements were taken.
Samples electrospun with 1:1 GEN were seen to have a ribbon morphology. Again, the
cylindrical morphology is lost with the addition of crosslinking molecules. These fibers
were very large with an average diameter of 841 ± 289 nm. This diameter was over six
times larger than that of the gelatin fibers without any crosslinkers. The SEM of these
fibers, as well as their fiber diameter distribution is shown in Figure 30.
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Figure 30: SEMs of gelatin fibers with 1:1 GEN. Sample was electrospun from a 9:1
AA:H2O solution at with a voltage of 12 kV, a distance of 8 cm, and a rate of 0.3 mL/h.
Fiber morphologies are shown in (A) and (B). The diameter distribution within the mat is
shown in (C). Based on the SEM images, the average fiber diameter was found to be 841
± 289 nm. For measuring the average diameter size, 50 measurements were taken.
Finally, gelatin electrospun with HDACS showed similar morphologies to the other
crosslinked fibers. Ribbons formed instead of cylindrical fibers with the addition of crosslink-
ers. The fibers showed the largest average diameters of all the crosslinked fibers at 953 ±
194 nm. Figure 31 shows the SEM micrographs of the electrospun fibers with the diameter
distribution.
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Figure 31: SEMs of gelatin fibers with 4:1 HDACS. Sample was electrospun from a 9:1
AA:H2O solution at with a voltage of 12 kV, a distance of 8 cm, and a rate of 0.3 mL/h.
Fiber morphologies are shown in (A) and (B). The diameter distribution within the mat is
shown in (C). Based on the SEM images, the average fiber diameter was found to be 953
± 194 nm. For measuring the average diameter size, 50 measurements were taken.
Solution parameters were measured for each electrospinning sample. For each spinning
solution the pH, viscosity, and relative conductivity to water was measured and is shown in
Table 7.
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Solution pH Viscosity (cSt) Relative conductivity
to water (a.u.)
1:1 GEN 2 186 ± 3 16 ± 0.4
15:1 DVS 2 180 ± 3 17 ± 0.2
4:1 HDACS 2 177 ± 3 15 ± 0.2
20:1 ECH 2 171 ± 3 16 ± 0.1
Table 7: Solution parameters of each crosslinked gelatin solution that was electrospun is
shown. All electrospinning solutions had 16 wt/v% gelatin in 9:1 AA:H2O. Measurements
were taken three times to ensure accuracy.
All fiber samples were tested using FTIR to determine whether crosslinking was oc-
curring within the mats. The presence or disappearance in peaks typically indicate new
bonds forming within the molecule and showing that crosslinking was occurring. A visual
inspection was also used as some samples change colors after a reaction had occurred. The
FTIR spectra of the crosslinked fibers are shown in Figure 32.
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Figure 32: FTIR spectrums of crosslinked gelatin fibers with (A) GEN, (B) DVS, (C)
HDACS, and (D) ECH. Spectrum (E) is of gelatin fibers. Solid veritical lines indicate char-
acteristic peaks of gelatin, while dotted lines indicate important peaks for each individual
crosslinker.
Characteristic peaks of gelatin remained unchanged at 1440, 1520 and 1620 cm−1.
Samples spun with GEN showed little difference from the uncrosslinked gelatin fibers.
However, there is more noise in the hydroxyl region between 1000 and 1300 cm−1. These
functional groups are found in GEN and are a strong indicator that the material had crosslinked.
When compared to the bulk gelatin sample, no ester peak is seen, which suggests that the
mechanism at which the material is crosslinking may be different. A visual indication of
the fibers also proves the material had crosslinked because after heating, the mat went from
white to brown.
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DVS samples showed a similar spectrum to the bulk crosslinked gelatin with charac-
teristic peaks of 1100 and 1190 cm−1 being present. These peaks are indicators of sulfone
functional groups within the fiber mat. However, the intensity of the peaks is very low
suggesting that the amount of crosslinker in the molecule is diminished.
When comparing the HDACS sample to the bulk crosslinked gelatin, the same peak at
610 cm−1 is seen, which corresponds to a long chain of CH2 groups. The urea peak at 1540
cm−1 is not seen, but this could be due to a diminished amount of crosslinker in the mat,
as seen by the DVS sample.
Finally, samples with ECH showed no epoxide peak at 1265 cm−1, which is a strong
indication that the material had crosslinked. Residual epoxides within the mat would mean
that the sample was not fully crosslinked and that the molecules were remaining unreacted
with the polymer.
In order to increase crosslinking of the fiber mats, base was used to activate the reaction.
However, after soaking in TEA for 1 h, it was seen that the fibers had completely filmed
and did not retain any fiber structure. A modified step of activation using a base would be
ideal in reacting any residual molecules within the mat.
5.1.4. Solubility of crosslinked gelatin fibers
Solubility tests were performed on the crosslinked fiber mats in three different pH en-
vironments. Samples were heated before they were placed in the pH baths. The GEN and
HDACS samples were heated at 120◦C for 1 h, while the rest of the crosslinked mats were
heated at 100◦C for 1 h. Fiber mats with GEN went from white to brown after heating,
while all other mats remained white. UV-Vis was used to measure the transmittance of a 1
mL aliquot of the pH solution in which the fibers were placed in. A sample was taken at
15 min and 72 h to see if any change in the transmittance occurred at 600 nm. Figure 33
shows the transmittance values at 600 nm for each pH bath.
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Figure 33: Solubility tests were performed in 20 mL pH baths at (A) pH 3, (B) pH 7, and
(C) pH 13. At time points of 15 min and 72 h, a 1 mL alliquot was taken and measured
three times with a UV-Vis spectrometer.
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All transmittance values remained above 97% which indicates the fiber mats are ei-
ther dissolving or the mats are considered insoluble. Fiber mats used as scaffolds require
transmittance values of above 90% to be considered successful, which is seen for each
sample. However, a visual inspection of the mats in the solutions are another aspect of this
test to verify if the material has dissolved or remained intact. Table 8 shows the visual
assessments of the fibers in the solutions.
Sample pH of solution Dissolved? (Y/S/N) Color
3 S Clear
Gelatin-DVS 7 S Clear
13 Y N/A
3 Y N/A
Gelatin-ECH 7 S Clear
13 Y N/A
3 N Blue
Gelatin-GEN 7 N Brown
13 Y N/A
3 N Clear
Gelatin-HDACS 7 N Clear
13 Y N/A
Table 8: Each crosslinked gelatin mat was inspected after 72 h to assess whether the fibers
had dissolved. The dissolved section was labeled with a Y if it had completely dissolved,
S for partially dissolved, and N if material remained.
When the material turns clear, it indicates that filming had occurred and fibers no longer
remained, which SEM had confirmed. The only sample that showed success was the ones
made with GEN. Color changes are common of GEN samples due to its inherent nature of
being pH sensitive. None of the samples were successful at pH 13 and were completely
dissolved after a 72 h period. It is likely that the fiber mats had not been completely
crosslinked after heating. Additionally, the amount of available reaction points along the
amino acid chains of gelatin could result in decreased crosslinking.
Gelatin fibers spun with GEN were imaged after soaking in the pH solutions. It was
seen that it had fully dissolved in the pH 13 solution, however, fibers remained in the pH
7 solution despite some filming occurring. An increase in the GEN amount would likely
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decrease the amount of filming that occurs and would result in the retention of the fiber
structure. Figure 34 shows the SEM images of the fibers after they had been soaked for 72
h. An increase in the fiber diameters was observed to over ten times the original size of the
fibers.
Figure 34: SEM images of gelatin fibers crosslinked using 1:1 GEN to available amine
groups. The fiber system was electrospun from 9:1 AA:H2O. The solution was spun at a
voltage of 12 kV, a distance of 8 cm, and a rate of 0.3 mL/h. Both (A) and (B) images
are representative of the fiber mats after they had been soaked in a pH 7 solution for 72
h. Image (C) demonstrates a distribution of fiber diameters. It was found that the resulting
fiber diameters grew to 1532 ± 307nm. Measurements of the SEM image was taken 50
times.
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5.2. Collagen
5.2.1. Bulk crosslinking
As was done with the gelatin samples, all bulk collagen samples were are 16 wt/v% in
1:1 10xPBS:EtOH. Crosslinking molecules were added at a 10:1 ratio of crosslinkers to free
amine groups. Collagen was crosslinked with the same molecules as the gelatin samples,
which included DVS, ECH, EDC:HOBt, EDC:NHS, GA, GEN, and HDACS. DVS was
visually analyzed in order to see the amount of time the material took to crosslink. Figure
35 shows the time points for the crosslinking of collagen using DVS. Base activation was
required for crosslinking the collagen solution with DVS. It was seen that the collagen had
fully crosslinked after 1 h of mixing, while changing colors to a greenish brown. A gel
had formed suggesting that the material had completely crosslinked. After washing, the
material remained a solid and did not dissolve.
Figure 35: Crosslinking of collagen using DVS as the crosslinking agent. The time points
as shown are: (A) initial solution without DVS or base, (B) after 10 min, and (C) after
60min of mixing with DVS and a drop of TEA.
Samples crosslinked with ECH gelled and turned opaque after 1 h of mixing. Base
activation was required for this crosslinker. Once the crosslinker was added, the viscosity
of the sample increased over time until it had completely gelled and formed a solid. After
washing the sample, the new material remained a solid and didn’t dissolve suggesting that
the material had completely crosslinked. The time points for the crosslinking reaction can
be seen in Figure 36.
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Figure 36: Crosslinking of collagen using ECH as the crosslinking agent. The time points
as shown are: (A) initial solution without ECH or base and (B) after 60 min of mixing with
ECH and a drop of TEA.
Next, samples were crosslinked using the EDC couping molecules, HOBt and NHS.
Once the crosslinkers had been added, the solution began to gel, immediately. It was seen
that the coupling agent took a shorter time of only 2 min to form a solid, while the sample
with NHS gelled after 5 min. Both samples formed clear solids after these time periods.
The gels remained intact and undissolved after washing occurred. Both visualizations of
the crosslinking reactions can be seen in Figures 37 and 38.
Figure 37: Crosslinking of collagen using a 1:1 ratio of EDC and HOBt as the crosslinking
agents. The time points as shown are: (A) initial solution without EDC:HOBt and (B) after
2 min of mixing with the EDC:HOBt.
68
Figure 38: Crosslinking of collagen using a 1:1 ratio of EDC and NHS as the crosslinking
agents. The time points as shown are: (A) initial solution without EDC:NHS and (B) after
5 min of mixing with the EDC:NHS.
Samples crosslinked with GA showed both a color change, as well as gelation after 20
min. Over time, the material turned an orange color, characteristic to GA crosslinking with
both the material and itself. Also, the material had become a solid and did not dissolve
during the washing process. Both of these occcurrances suggest that the material had com-
pletely crosslinked during the 20 min time period. Figure 39 shows the time steps at which
gelation and color changes occurred.
Figure 39: Crosslinking of collagen using GA as the crosslinking agents. The time points
as shown are: (A) initial solution without GA, (B) after 1 min, and (C) after 20 min of
mixing with GA.
GEN has characteristic color changes to indicate whether it has crosslinked with a ma-
terial. Over a time period of 20 min, the GEN sample of collagen had turned from clear to
dark blue. This is a common occurrance when crosslinking biopolymers with GEN. The
initial solution first turned a yellow color which quickly changed to green after 10 min. Af-
ter the 20 min, the solution had completely gelled to form a solid material. Despite washing
the material, the solid remained intact and did not dissolved. The color change and solid-
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ification of the solution gives a strong indication that it had been completely crosslinked.
Each color change was noted and is shown Figure 40.
Figure 40: Crosslinking of collagen using GEN as the crosslinking agents. The time points
as shown are: (A) initial solution without GEN, (B) after 5 min, (C) after 10min, and (C)
after 20 min of mixing with GEN.
Finally, crosslinking of collagen with HDACS appeared successful based on the appar-
ent color change and gelation of the solution. Once the solution had been basified with one
drop of TEA, the solution was mixed and quickly turned pink and gelled after only 2 min.
The material was washed and showed no change from its new solid structure, which along
with the color change, suggests that the material had completely crosslinked. The color
change at various time points is shown in Figure 40.
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Figure 41: Crosslinking of gelatin using HDACS as the crosslinking agents. The time
points as shown are: (A) initial solution without HDACS and (B) after 2 min of mixing
with HDACS.
Chemical analysis was performed using FTIR on each bulk crosslinked sample. Per-
forming this test on the samples is another method for verifying whether the material had
crosslinked based on the addition, subtraction, or shifts in peaks. Figure 42 shows the
spectrums of all the bulk crosslinked samples, as well as the uncrosslinked bulk collagen.
Each notable peak, both characteristic of the collagen or of the crosslinker, is compiled in
Table 9.
71
Figure 42: FTIR spectrums of crosslinked bulk collagen with (A) DVS, (B) ECH, (C)
EDC:HOBt, (D) EDC:NHS, (E) GA, (F) GEN, and (G) HDACS. Spectrum (H) is of bulk
collagen. Solid veritical lines indicate characteristic peaks of collagen, while dotted lines
indicate important peaks for each individual crosslinker.
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IR Peak ( cm−1) Functional Group
610 -CH2-CH2-CH2-
740 -CH2-CH2-
1100 O=S=O
1190 O=S=O
1265 Epoxide
1400 CH2
1440 CH2
1520 Amide
1540 Urea
1620 Amide
1680 Ester
1720 C=O
Table 9: Important peaks as shown in Figure 42. Characteristic peaks for collagen are at
1440, 1520, and 1620 cm−1.
FTIR spectrum of the sample crosslinked with DVS shows three new additional peaks
as opposed to the bulk collagen. Peaks at 1100 and 1190 cm−1 indicate sulfone peaks,
characteristic of DVS. The increased intensity peak at 1400 shows additional CH2 groups,
which form once the vinyl groups on DVS react with hydroxyl groups. These peaks
indicate, along with the visual inspection of the gel, that the material had successfully
crosslinked.
Samples crosslinked with ECH showed an increased intensity at 1400 cm−1, while a
lack of peak at 1265 cm−1. The peak at 1400 cm−1 suggests CH2 groups forming, which
occurs when the epoxide in ECH opens and forms crosslinks. A missing peak at 1265
cm−1 corresponds to the absence of epoxides within the material. This means that they had
completely reacted to form crosslinks to form the gel. Based on the FTIR spectrum, as well
as the visual assessment of the material, successful crosslinking of collagen with ECH was
achieved.
Spectrums of the EDC coupled samples both showed residual material left over from
the crosslinking reaction. The peaks at 740 cm−1 for HOBt and 1720 cm−1 for NHS
indicate unreacted coupling agents that were not used for crosslinking, but remain on the
collagen. The peak at 740 cm−1 shows small chains of CH2 are present, while the peak at
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1720 cm−1 presents carbonyl groups. Both of these peaks are characteristic of the coupling
agents used with EDC. This is an issue with regards to biological applications because in
order to remove these functional groups from the collagen, an extra step of washing with
glycine is required. Additional steps in processing of these materials is less advantageous
than using alternative crosslinkers that do not require an extra step. It is likely that the
coupling agents affect the collagen’s solubility, while also forming some crosslinks leading
to gelation of the material. Despite the success of these crosslinking agents, the additional
steps prevent it from being as successful as others.
Next, when crosslinking collagen with GA, specific peaks to anaylze include the ones
at 1400 and 1720 cm−1. The peak at 1400 cm−1 corresponds to CH2 groups, which exist
along the glutaraldehyde molecule. This peaks intensity increased as compared to the bulk
collagen sample. For the peak at 1720 cm−1, which corresponds to the aldehyde peak, a
broadening of the finger print peak of 1620 cm−1 occurs. This suggests that their may be
residual aldehydes within the material as it is still existent. The presence of aldehydes in
the material presents toxicity concerns for biological applications. Due to this, it is clear
that, although this crosslinker is successful in forming a gel effectively, the usefulness of
the crosslinker in scaffolds is limited.
A single peak was analyzed when testing the collagen samples crosslinked with GEN.
The peak at 1680 cm−1 correlates to an ester functional group. This is a common functional
group found in GEN and suggests that the material had effectively crosslinked. Visually,
the material had changed colors to blue, which is common to that of crosslinked materials
with GEN. This further concludes that the material was successfully crosslinked using this
molecule.
Finally, collagen samples crosslinked using HDACS were tested using FTIR to verify
the sample had crosslinked. One peak at 610 cm−1, which corresponds to a chain of CH2,
is present and is a fingerprint peak for HDACS. Also, the broadening of the peak found at
1540 cm−1 indicates the presence of an urea bond. Urea bonds form when HDACS reacts
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with an amine group, which ultimately forms a crosslink between two polymer chains.
With the presence of this peak, the molecule had crosslinked the collagen effectively at the
free amine groups along the amino acid chains.
Based on the findings from the FTIR, only four crosslinkers were used moving forward.
The chosen molecules included DVS, ECH, GEN, and HDACS. EDC coupling was rejected
due to the additional steps required for removing the additional coupling agents that were
not used for crosslinking. Also, GA was avoided due to its toxicity concerns.
5.2.2. Electrospinning in various solvents
Collagen was electrospun from three different solvent systems in order to determine
which was most successful in terms of ease, toxicity, and fiber morphology. The three
solvent systems tested included 1:1 10xPBS:EtOH, 9:1 AA:H2O, and HFIP. Samples were
electrospun at both 8 and 16 wt/v%, however only the higher concentration samples were
analyzed due to the difficulty in spinning the samples at 8 wt/v%. Due to this, 16 wt/v%
samples were imaged using SEM in order to determine fiber diameters and morphologies.
No additional steps of heating the solution were necessary for any of the solvent systems in
order electrospin. The first solvent system analyzed was 1:1 10xPBS:EtOH. The solution
parameters for this solvent were found to be 7 for the pH, 51 cSt for the viscosity, and 552.9
for the relative conductivity to water. The morphology of the fibers spun from this solution
are shown in Figure 43.
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Figure 43: SEM images of collagen fibers electrospun from 1:1 10xPBS:EtOH. The so-
lution was spun at a voltage of 12 kV, a distance of 12 cm, and a rate of 0.5 mL/h. Both
(A) and (B) images are representative of the fiber mats made from the solution. Image
(C) demonstrates a distribution of fiber diameters. It was found that electrospinning this
solution with the corresponding parameters resulted in fiber diameters of 418 ± 200 nm.
Measurements of the SEM image were taken 50 times.
When collagen is spun from a PBS solution, salts precipitate on the surface of the fibers.
As the polymer solution is pulled from the syringe tip to the collector plate, the evaporation
of the solvent causes crystallization of the salts. Also, fiber branching is common through-
out the fiber mat. Based on the SEM images, the average fiber diameters were 418 nm with
a standard deviation of 200 nm. Using this solvent is not ideal for biological applications
due to the crystalized salts on the surface. An additional step of leeching would be required
when using it in such outlet. Also, electrospinning collagen using this solvent producing a
robust mat is difficult and inefficient.
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Next, electrospinning collagen from 9:1 AA:H2O was successfully performed. The
concentration of the solution that was analyzed was 16 wt/v% with its solution parameters
of pH, viscosity, and relative conductivity to water were 2, 44 cSt, and 23. Figure 44
illustrates the fiber morphologies that were produced using this solvent system.
Figure 44: SEM images of collagen fibers electrospun from 9:1 AA:H2O. The solution was
spun at a voltage of 12 kV, a distance of 12 cm, and a rate of 0.05 mL/h. Both (A) and (B)
images are representative of the fiber mats made from the solution. Image (C) demonstrates
a distribution of fiber diameters. It was found that electrospinning this solution with the
corresponding parameters resulted in fiber diameters of 116 ± 27 nm. Measurements of
the SEM image were taken 50 times.
SEMs of fibers electrospun from 9:1 AA:H2O showed a cylindrical morphology with
no branching between fibers. The average fiber diameter was found to be 166 nm with a
range of only 27 nm. A small range implies a very uniformly distributed fiber mat that
can reduce variability throughout individual samples, as well as from sample to sample.
Electrospinning these fibers from this solution is easy and produces robust mats with ease.
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These properties are all very advantageous for electrospun collagen fibers for biological
applications.
The final solvent used to electrospin collagen was HFIP. Solution parameters for the 16
wt/v% collagen system were found to be 7 for the pH, 49 cSt for the viscosity, and 6 for
the relative conductivity to water. Figure 45 shows the SEM images of the fibers produced
using this solvent.
Figure 45: SEM images of collagen fibers electrospun from HFIP. The solution was spun
at a voltage of 7.5 kV, a distance of 12 cm, and a rate of 0.3 mL/h. Both (A) and (B) images
are representative of the fiber mats made from the solution. Image (C) demonstrates a
distribution of fiber diameters. It was found that electrospinning this solution with the
corresponding parameters resulted in fiber diameters of 884 ± 443 nm. Measurements of
the SEM image were taken 50 times.
Unlike the other two solvent systems, fibers spun from HFIP result in a smooth ribbon
morphology. The diameters produced using this solvent resulted in sizes of 884 nm and a
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range of 443 nm. With such a large range, variability is expected throughout the mat, as
well as from sample to sample. The distribution shows that there is a normal distribution of
fibers between 200 and 1400 nm, while there are a number of larger fibers greater than 1600
nm. Electrospinning this sample produced robust mats with ease, which is a significant
advantage when processing these materials. However, HFIP is a highly toxic solvent that
should be avoided when these fibers are used for biological outlets. Residual solvent can
cause toxicity concerns for the growth of cells if used as a scaffold material.
Stability of the produced mats from the various solvents, as well as any effect that the
solvents may have on the collagen, were analyzed using FTIR. Solvents that react with the
polymer are undesirable because it can affect the fibers that are produced. FTIR spectrums
for each fiber mat electrospun from the different solvents are shown in Figure 46.
79
Figure 46: IR spectrums for each fiber system electrospun from (A) 10xPBS:EtOH, (B) 9:1
AA:H2O, and (C) HFIP. Spectrum (D) is for bulk collagen for comparison.
Based on the FTIR spectrums of each of the fiber mats, it can be seen that no change
occurred between each sample despite being spun from different solvent systems. The
only noticeable difference is in the fibers electrospun from HFIP, which has different peaks
in the range of 1200 to 1400 cm−1. These peaks correspond to fluorine groups, which
suggests that residual solvent is in the fibers after processing. Extra steps of washing or
heating would be needed in order to remove the toxic solvent from the fibers. The finger
print peaks of 1440, 1520, and 1620 cm−1 remained unchanged after electrospinning the
samples.
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Of the solvent systems used to electrospin collagen, it was seen that the samples pro-
duced from 9:1 AA:H2O were the most successful based on ease, toxicity, and fiber mor-
phology. Electrospinning of collagen using this system produced robust mats that were
easily created with the given spinning parameters. Also, as compared to HFIP, AA presents
fewer toxicity concerns after processing the fibers. Finally, the fiber morphology was the
most uniform with the least amount of variability of all the solvent systems tested. Mov-
ing forward, the 9:1 AA:H2O solvent system was adapted in order to produce the most
successful mats. All solution parameters are compiled in Table 10.
Collagen Solution pH Viscosity (cSt) Relative conductivity
to water (a.u.)
1:1 10xPBS:EtOH 7 51 ± 3 553 ± 1.3
9:1 AA:H2O 2 44 ± 3.5 23 ± 0.1
HFIP 7 49 ± 1.7 6 ± 0.2
Table 10: Solution parameters of each collagen solution in different solvent systems are
shown. All electrospinning solutions had 16 wt/v% collagen. Measurements were taken
three times to ensure accuracy.
5.2.3. Electrospinning crosslinked collagen fibers
Collagen fibers were electrospun with crosslinkers in order to see the effect on fiber
morphologies. The crosslinkers chosen were DVS, ECH, GEN, and HDACS. Various ra-
tios, specific to each crosslinker, were used in relation to the available amine groups on
collagen. Each fiber mat was tested using SEM in order to see fiber morphology and FTIR
for crosslinking analysis. The first crosslinker tested was 15:1 DVS. The SEM micro-
graph of the spun sample is shown in Figure 47. It was observed that the fibers retained
their cylindrical shape with the crosslinking molecule. Some branching had occured in the
molecule, as well as some beading and splattering. This could be a product of the increased
flow rate of the electrospinning setup or the change in solution properties. The average fiber
diameter was larger than that of pure collagen fibers with a value of 146 ± 37 nm.
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Figure 47: SEM of collagen fibers with 15:1 DVS. Sample was electrospun from a 9:1
AA:H2O solution at with a voltage of 14 kV, a distance of 12 cm, and a rate of 0.2 mL/h.
Fiber morphology is shown in (A). The diameter distribution within the mat is shown in
(B). Based on the SEM image, the average fiber diameter was found to be 146 ± 37 nm.
For measuring the average diameter size, 50 measurements were taken.
Next, samples were electrospun with 20:1 ECH. SEM showed a significant amount
of beading amongst the fibers, likely due to the decrease in viscosity when adding the
crosslinking molecule. The cylindrical fiber morphology was retained and the average
fiber diameter was 130 ± 31 nm, still larger than the pure collagen fibers. The SEM and
fiber distribution is shown in Figure 48.
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Figure 48: SEM of collagen fibers with 20:1 ECH. Sample was electrospun from a 9:1
AA:H2O solution at with a voltage of 14 kV, a distance of 12 cm, and a rate of 0.1 mL/h.
Fiber morphology is shown in (A). The diameter distribution within the mat is shown in
(B). Based on the SEM image, the average fiber diameter was found to be 130 ± 31 nm.
For measuring the average diameter size, 50 measurements were taken.
Fibers electrospun with GEN saw a similar structure to that of the pure collagen fibers.
A cylindrical morphology was seen with little beading or branching throughout the sample.
The average fiber diameter increased to 149 ± 316 nm, likely due to the increased amount
of molecules in the solution. An SEM image and diameter distribution for these fibers can
be seen in Figure 49.
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Figure 49: SEM of collagen fibers with 1:1 GEN. Sample was electrospun from a 9:1
AA:H2O solution with a voltage of 14 kV, a distance of 12 cm, and a rate of 0.3 mL/h.
Fiber morphology is shown in (A). The diameter distribution within the mat is shown in
(B). Based on the SEM image, the average fiber diameter was found to be 149 ± 32 nm.
For measuring the average diameter size, 50 measurements were taken.
Finally, samples electrospun with HDACS showed a very beaded fiber morphology.
This is most likely due to the HDACS forming a colloid in solution with the collagen.
Additionally, the sample retained the cylindrical structure that was common throughout the
pure collagen fibers. The average fiber diameter for the sample came out to be 118 ± 30
nm. An SEM image and fiber diameter distribution are shown in Figure 50.
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Figure 50: SEM of collagen fibers with 4:1 HDACS. Sample was electrospun from a 9:1
AA:H2O solution at with a voltage of 16 kV, a distance of 12 cm, and a rate of 0.1 mL/h.
Fiber morphology are shown in (A). The diameter distribution within the mat is shown in
(B). Based on the SEM image, the average fiber diameter was found to be 118 ± 30 nm.
For measuring the average diameter size, 50 measurements were taken.
.
In order to compare the solutions, measurements were taken of the pH, viscosity, and
relative conductivity to water. These values for each crosslinking solution with collagen
are shown in Table 11.
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Solution pH Viscosity (cSt) Relative conductivity
to water (a.u.)
1:1 GEN 2 44 ± 3.5 23 ± 0.3
15:1 DVS 2 38 ± 1.7 25 ± 0.3
4:1 HDACS 2 39 ± 3 24 ± 0.3
20:1 ECH 2 32 ± 1.7 23 ± 0.2
Table 11: Solution parameters of each crosslinked collagen solution that was electrospun
is shown. All electrospinning solutions had 16 wt/v% collagen in 9:1 AA:H2O. Measure-
ments were taken three times to ensure accuracy.
FTIR spectra of the crosslinked collagen fibers were taken in order to compare with that
of the bulk crosslinked collagen, as well as determined if the fibers themselves had been
crosslinked. The spectra for each crosslinked fiber system is shown in Figure 51.
86
Figure 51: FTIR spectrums of crosslinked collagen fibers with (A) GEN, (B) DVS, (C)
HDACS, and (D) ECH. Spectrum (E) is of collagen fibers. Solid veritical lines indicate
characteristic peaks of gelatin, while dotted lines indicate important peaks for each indi-
vidual crosslinker.
The GEN spectrum showed no characteristic ester, but did have more noise in the hy-
droxyl range of 1000 to 1300 cm−1. This is a functional group on the gelatin molecules
indicating that the material had potentially crosslinked. Visually, the mat turned green after
heating, which also suggests that the fiber mat had completely crosslinked.
For the DVS spectrum, the characteristic sulfone peak at 1100 and 1190 cm−1 showed
low intensities, but were present indicating that crosslinking in the fiber mat had occurred.
However, the lack of intensity suggests that the material was not strongly crosslinked as
there was a lack of crosslinking molecules in the sample.
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Samples spun with HDACS showed a similar spectra to that of the bulk collagen with a
peak being present at 610 cm−1. However, a noticable difference is the lack of a urea peak
found at 1540 cm−1. With a low enough intensity, the peak could be masked by the amide
peak at 1520 cm−1. Since the fiber mat showed a peak with the long chain of CH2 groups,
it is assumed that the material had been crosslinked.
Finally, the spectra of the fibers spun with ECH showed a lack of epoxide with the
disappearance of the peak at 1265 cm−1. This is the strongest indication that there is no
residual crosslinking molecules in the fibers and that they had all completely crosslinked in
the fiber mat.
In order to increase the crosslinking efficiency, adding base to the mats in the form of
TEA was attempted. After 1 h of soaking, SEM confirmed that the mats had lost all fiber
structure and had filmed. A different method of base activation may be needed in order to
effectively crosslink these mats without filming.
5.2.4. Solubility of crosslinked collagen fibers
Solubility tests of the electrospun collagen mats were performed using a UV-Vis spec-
trometer. A visual and an analytical inspection were used in order to determine whether
the fiber mats remained intact or if they dissolved. Each fiber mat was placed in 20 mL of
solution at pH values of 3, 7, and 13 for 15 min and 72 h. Each fiber mat was heated for 1 h
a day before testing. The GEN and HDACS samples were done at 120◦C, while mats with
DVS and ECH were at 100◦C. Heating was performed in order to remove residual solvent
from the fibers and increase crosslinking within the fibers. Transmittance measurements of
the fiber mats using the UV-Vis is displayed in Figure 52.
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Figure 52: Solubility tests were performed in 20 mL pH baths at (A) pH 3, (B) pH 7, and
(C) pH 13. At time points of 15min and 72 h, a 1 mL alliquot was taken and measured
three times with a UV-Vis spectrometer.
All samples remained at 100% transmittance whether or not the fiber mat had dissolved
or remained intact. This shows that the fiber mats dissolving completely if they are no
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longer present in the pH solutions, or if they do remain, the mat is crosslinked. Visual
inspections of the fiber mats during testing are shown in Table 12 for each sample after 72
h in solution.
Sample pH of solution Dissolved? (Y/S/N) Color
3 S Clear
Collagen-DVS 7 S Clear
13 Y N/A
3 Y N/A
Collagen-ECH 7 Y N/A
13 Y N/A
3 N Clear/Blue
Collagen-GEN 7 N Blue
13 Y N/A
3 Y N/A
Collagen-HDACS 7 N Clear
13 Y N/A
Table 12: Each crosslinked collagen mat was inspected after 72 h to assess whether the
fibers had dissolved. The dissolved section was labeled with a Y if it had completely
dissolved, S for partially dissolved, and N if material remained.
Based on both the analytical and visual inspections of the fiber mats in the pH solutions,
it can be said that the crosslinker with the most success was GEN. The integrity of the mat
remained intact after 72 h in both pH 3 and pH 7. No crosslinkers were successful at pH 13.
Samples that turned clear had filmed and lost all fiber structure. With all the mats having
difficulty maintaining these structures, it is likely that the crosslinking was not sufficient
within the mats. This could be due to the small amount of available reaction sites along the
collagen chain. Also, the hierarchal structure of collagen may limit the amount of access
points to the available functional sites required for crosslinking. SEM confirmed that all
fiber mats had completely filmed and lost all fiber structure within the material after only
15 min.
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5.3. Comparison of gelatin to collagen
Each individual gelatin and collagen sample showed a wide range of similarities and
differences when it came to bulk crosslinking, fiber morphologies, fiber crosslinking, and
solubility. Gelatin and collagen are both similar in amino acid structure, however gelatin
is the hydrolyzed form of collagen, which causes the fibril structure to break down into
individual amino acid chains. This structural difference is the only variation between the
two materials and caused noticeable variations in samples for each.
5.3.1. Variations in bulk crosslinking
All bulk gelatin and collagen samples presented the same FTIR finger print peaks, as
expected. When crosslinking molecules were added to the solution, the amount of time
for crosslinking to occur varied between the two polymers. For all samples except GEN,
gelatin formed a gel at a much faster rate. When comparing the crosslinking of GEN in
both gelatin and collagen, it was seen that the color changed from brown to blue over the
course of 2 h for gelatin, while for collagen it was seen that gellation had occurred in only
40 min as it turned from green to blue. This can be attributed to the variation in crosslinking
mechanisms of GEN. Based on the amount of time that it took for collagen to crosslink, it
can be said that the available functional groups for crosslinking are more hindered due to
collagen’s inherent structure leading to an increased gellation period. All samples remained
undissolved during the washing step, which indicates that both materials were successful
in crosslinking.
5.3.2. Electrospinning gelatin and collagen from various solvents
For each solvent system, gelatin and collagen produced similar fiber morphologies.
Samples electrospun from 1:1 10xPBS:EtOH resulted in a very branched structure with a
significant amount of salts crystallized on the fiber surface. Those spun from 9:1 AA:EtOH
resulted in thin cylindrical fibers with uniformity throughout the mat. Finally, fibers elec-
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trospun from HFIP resulted in very large diameter fibers with ribbon morphologies. These
fibers had the largest variability of the three solvents. The only difference between the
gelatin and collagen fibers were the fiber diameters. All gelatin samples produced larger
fibers than that of the collagen samples, likely due to the increased solubility of gelatin in
the solutions over that of collagen. All electrospinning solutions of gelatin resulted in a
colorless clear liquid, while the collagen samples remained cloudy.
Solution parameters were tested for each solvent system, in order to compare the dif-
ferences between gelatin and collagen electrospinning solutions. The different parameters
in spinning indicate a difference in the polymer solutions with regards to pH, viscosity,
and relative conductivity to pure water. Figure 53 illustrates the differences of gelatin and
collagen in each solution that was electrospun.
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Figure 53: Solution parameters for both gelatin and collagen in each solvent system are
shown. The various graphs portray the (A) pH, (B) relative conductivity as compared to
pure water, and (C) the viscosity of the electrospinning solutions. All tests were performed
three times.
From the solution parameters, it can be seen that the pH of each solution remained
the same despite the change in material. The viscosity and conductivity showed a dif-
ferent trend that demonstrated that gelatin solutions were both more viscous, while also
less conductive than that of collagen. Electrospinning parameters required for spinning
these materials demonstrate these properties as more voltage was needed for electrospin-
ning gelatin. The trend in viscosity is expected as the gelatin completely dissolves to form
clear solutions, while the collagen samples remained cloudy, likely due to undissolved ma-
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terial. An unexpected trend in conductivity was seen where all the collagen solutions were
more conductive than that of gelatin. Increased difficulty in electrospinning collagen over
that of gelatin can be attributed to both of these parameters. They are the likely causes for
the increased spraying of the polymer solution during the process.
5.3.3. Crosslinking gelatin and collagen fibers
SEM images for gelatin showed that the crosslinked fibers became ribbons with the
addition of crosslinking molecules. This was not the case when the same molecules were
added to collagen, as the cylindrical morphology remained. Beading or branching did not
occur in the gelatin samples, but collagen samples had many issues regarding these two
structures. It is likely that the gelatin solutions, being easily spun, presented much more
uniform fiber structures, as opposed to collagen. FTIR, for both gelatin and collagen fibers,
showed decreased intensities for the crosslinking molecules, suggesting that the amount of
crosslinkers in the fibers may not have been sufficient to fully crosslink the mats. A higher
concentration of crosslinking molecules may make a stronger impact with crosslinking the
gelatin and collagen mats.
5.3.4. Effects of crosslinking of gelatin and collagen on solubility
Solubility tests of crosslinked gelatin and collagen fiber mats showed similar results
in that the systems had difficulty retaining fiber structure at all pH ranges. Gelatin sam-
ples were more successful in that less crosslinked mats completely dissolved over a 72 h
period. Both gelatin and collagen fibers resulted in transmittance values of around 100%
and followed this trend for each pH range. The increased number of accessible functional
groups to crosslink with is likely the reason for the gelatin mats proving to be less soluble
and retaining some fibers in the GEN samples. No collagen samples had any resemblance
of fibers remaining after 72 h, suggesting that the collagen samples were less crosslinked
than the gelatin fibers. The color changes in the GEN samples were consistent between the
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two polymers with the only difference being at pH 7 where the collagen samples turned
blue and the gelatin samples remained blue. Samples electrospun with HDACS showed
mat stability at pH 7, but fiber morphology could not be retained.
5.4. Collagen and elastin fibers
In order to mimic natural ECM, it is important to match the composition of the material.
Both collagen and elastin are important components of ECM due to their inherent nature
to work together to provide both structure and flexibility to cartilage. An arbitrary ratio of
4:1 collagen to elastin was adopted for these samples due to the variability of the amount
of elastin throughout the body. SEM micrographs in Figure 54 show the resulting fibers
from these two polymer solutions.
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Figure 54: SEMs of collagen and elastin fibers at a 4:1 ratio with a total concentration of
20 wt/v%. Sample was electrospun from a 9:1 AA:H2O solution with a voltage of 14 kV, a
distance of 12 cm, and a rate of 0.05 mL/hr. Fiber morphologies are shown in (A) and (B).
The diameter distribution within the mat is shown in (C). Based on the SEM images, the
average fiber diameter was found to be 354 ± 203 nm.
Fibers that were produced showed a ribbon like structure with an average fiber diam-
eter of 354 ± 203 nm. This is significantly different than that of pure collagen fibers that
produced cylindrical fibers with an average diameter of less than half of the collagen and
elastin fibers. Interactions between the collagen and elastin may have resulted in the dif-
ferent fiber morphology than what was previously seen. The solution that this sample was
electrospun from had a pH of 2, a viscosity of 43 cSt, and a relative conductivity to water
of 27.
FTIR was used to confirm the presence of elastin within the collagen fibers. Although
elastin is made of amino acids, it is difficult to see a clear difference whether elastin is in the
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fiber mat. However, since the elastin was hydrolyzed in order to solubilize it, an increased
number of hydroxyl groups should be present along the amino acid back bone. Figure 55
shows the spectra for the collagen and elastin fibers, as well as bulk collagen and elastin
for comparison.
Figure 55: FTIR spectrums of collagen/elastin fibers with (A) 4:1 collagen:elastin, (B) bulk
collagen, and (C) bulk elastin. Solid veritical lines indicate characteristic peaks of collagen.
From observing the spectra, it can be seen that the produced fibers have both colla-
gen and elastin in them. As expected, elastin has a much noiser hydroxyl region from
1000 to 1300 cm−1, which corresponds to the hydrolyzed functional groups that were once
crosslinked. The increased intensity of these peaks show that the fibers have both polymers
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in them.
98
6. CONCLUSIONS
Gelatin and collagen have been successfully crosslinked in both bulk and electrospun
fibers. EDC coupling and GA were deemed unacceptable for use as crosslinkers due to their
inherent biocompatibility issues. Crosslinkers that showed successful gelatin and didn’t
pose significant toxicity concerns were DVS, ECH, GEN, and HDACS. Visual inspection
of color changes, as well as FTIR analysis showed successful reactions in each of these
crosslinking agents.
Electrospinning crosslinked gelatin and collagen fibers were produced through using
the solvent system of 9:1 AA:H2O. Solvent systems such as 1:1 10xPBS:EtOH and HFIP
were unfit for use based on the produced fibers. The 1:1 10xPBS:EtOH solution produced
branched fibers with crystallized salts on the surface. HFIP is a significantly toxic solvent
and was not chosen due to residual solvent in the fibers, as indicated by FTIR and EDS.
The produced fibers using this solvent resulted in a ribbon morphology. When using 9:1
AA:H2O, the low pH prevents crosslinking while mixing the solution and allows for easily
electrospinning of the gelatin and collagen fibers. Also, producing the fibers with this
solvent system produces uniform cylindrical fibers. FTIR showed for each fiber system that
the same peaks were present as in the bulk samples, but with less intensity. The presence
of these peaks showed that the fibers had crosslinked.
When testing the solubility of the crosslinked fibers, the degree to which the crosslink-
ing had occurred was not significant enough to retain fiber morphology. The only sample
that retained fibers was the gelatin fibers spun with GEN at pH 7. All crosslinked samples
dissolved at pH 13. Gelatin samples with GEN retained fiber morphology at pH 7 with
some filming and did not dissolve at pH 3 with no remaining fiber morphology. Collagen
fibers with GEN didn’t dissolve at pH 3 or 7, but lost all fiber morphology and filmed.
Due to the inaccessibility of some functional groups caused by the hierarchal structure of
collagen, crosslinking within the material was less effective than that of gelatin. The most
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successful crosslinker was found to be GEN due to the ease of spinning, as well as the
visual aspect that the fibers turned brown upon heating, indicating it had crosslinked. The
other most successful crosslinking agent was found to be HDACS as it provided stable mats
at pH 7. Fiber morphology could not be retained for these samples, however.
Finally, collagen was successfully electrospun at a 4:1 ratio with elastin. FTIR suggests
that the fibers had been spun together, resulting in a morphological change from cylindrical
to ribbon structures. Also, the diameters of these fibers were over twice the pure collagen
fibers.
Findings from these studies enhance the knowledge base for gelatin and collagen as an
ECM material for rheumatoid arthritis. The crosslinking of the fibers with GEN showed the
most successful method for rendering the produced gelatin and collagen fibers insoluble.
With further research on the crosslinking of these materials using GEN, a biocompatible
scaffold that mimics a natural ECM can be successfully fabricated.
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7. FUTURE WORK
Based on the success found in electrospinning crosslinked gelation and collagen fibrous
mats, further variation in crosslinking ratios of GEN could produce mats with better sol-
ubility properties. Additionally, DVS, ECH, and HDACS crosslinking could use a more
suitable basification method that does not cause the fibers to film. A vapor chamber sys-
tem could be used to activate the available crosslinkers without soaking the material. This
would prevent instability within the mat and avoid forming a film while processing the
fibers.
Mimicking natural ECM is an important component of the system in both a material and
mechanical aspect. Mechanical tests would be performed to verify the overall strength of
the gelatin and collagen mats. With the addition of elastin into the collagen fibers, it would
be interesting to see whether the loss in crosslinking between the elastin fibers reduces the
flexibility that the material inherently has. Using an Instron mechanical testing machine,
the fiber mat could be analyzed.
Cell studies are an important aspect for scaffolding materials and must be tested to
determine the effectiveness of the environment on cell growth. Confocal microscopy can be
used to determine the toxicity of the fibers by evaluating the amount of living and dead cells
after a period of time. It is likely the fiber mats would present a suitable environment for
healthy cell growth and proliferation due to the material’s inherent biocompatible nature.
Based on the success of this, cell viability could be monitored to assess the quality of the
cell growth on the scaffold.
Finally, other ECM materials could be incorporated into the systems to better mimic the
ECM. Glycoaminoglycans could be spun with the gelatin and collagen solutions to improve
various properties, as they do in natural ECM. Some biopolymers that could be incorpo-
rated are chondroitin sulfate, aggrecan and hyaluronic acid. These three natural polymers
give resiliency to the scaffolding material and produce a more suitable environment for
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cells to grow on.
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